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As a result of increased industrial and urban activities, the occurrence of heavy metal 
contaminants has been dramatically augmented. Heavy metal contaminants are often 
introduced into the environment through the effluents discharged from various 
industries such as electroplating, mining, electric device manufacturing and metal 
finishing. They are toxic, non-biodegradable and highly carcinogenic, thus posing a 
serious threat to the lives of human beings even at low concentrations. This 
necessitates the development of technologies that can effectively detect the presence 
of heavy metal ions as well as remove them from the contaminated waters.  
 
In recent years, optical sensors have been regarded as an effective method for water 
quality monitoring due to their advantages of simple and naked-eye detection that 
requires minimum labor and less sophisticated equipments. Whilst, in the field of 
heavy metal removal, adsorptive membranes have appeared as a novel membrane 
technology that attracted considerable research attention due to their high efficiency 
and low energy consumption even when the heavy metal containments are at 
relatively low concentrations. Over the decades, adsorptive membranes and optical 
sensors have been developed respectively in their individual disciplines. There is a 
desire to explore the possibility of incorporating the two technologies together for 
simultaneous on-site and in-situ detection and removal of heavy metal ions. This 
innovation may open the prospect of an integrated system for simultaneous water 
treatment and water quality surveillance. It may also have distinct advantages in 
actual applications, such as enhancing the treatment efficiency, simplifying the 
treatment system and reducing the environmental footprint.  
 vi 
In the present work, attempts were made to develop multifunctional membranes for 
visual detection and removal of heavy metal ions in aqueous solutions. Lead (Pb), 
mercury (Hg) and cadmium (Cd) were selected as the target ions due to their high 
occurrence in industrial wastewaters and high toxicity to the public and environmental 
health. Different types of optical indicators were immobilized onto chitosan/cellulose 
acetate (CS/CA) blend membrane through different methods based on their individual 
physiochemical properties. The effects of various factors, including the amount of 
immobilized indicators, solution pH, solution ionic strength, initial heavy metal 
concentrations, the presence of interference ions and co-existed organic contaminants 
were investigated through a series of experiments. The results in this study proved the 
concept of multifunctional membrane for simultaneous visual detection and removal 
of heavy metal ions was feasible and achievable. The prepared multifunctional 
membranes can detect and remove heavy metal ions in a wide variation of solution 
conditions, and the used membranes can be regenerated and reused without significant 
loss of their functionalities. Therefore, the proposed multifunctional membrane 
technology demonstrates a great potential in the remediation of heavy metal 
contamination, especially for the remote areas where there is a lack of or not 
convenient to use sophisticated instruments. 
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Heavy metals are natural components of the Earth’s crust. Their unique properties, 
including malleability, ductility, resistance to corrosion, high electric and thermal 
conductivity, make them undoubtedly crucial to the development of human society. 
Some heavy metals such as copper, selenium and zinc are essential to human body as 
trace elements to maintain a proper metabolism. However, excessive intake of heavy 
metals may have detrimental effects to mental and central nervous systems, blood 
composition, lungs, kidneys, liver and other vital organs. Heavy metals cannot be 
degraded through the biological metabolism could not be easily excreted from the 
body. Once entering the human body, even in a small amount, they will accumulate in 
organs and tissues, and eventually develop chronic toxic effects, such as physical, 
muscular and neurological degeneration, Parkinson’s disease, muscular dystrophy, 
multiple sclerosis and cancer (de Castro Dantas et al. 2001; Inglezakis et al. 2003; 
Sanyal et al. 2005 ).  
 
Ever since the first industrial revolution, heavy metal contaminants have been 
dramatically increased due to the intensified industrial and urban activities. The major 
source of heavy metal contaminants is usually from the wastewaters of industries such 
as electroplating, mining, electric device manufacturing, and metal finishing. 
Improper effluent discharge, insufficient treatment or poor management of the 
industrial wastes has introduced an excessive amount of heavy metal contaminants 
into the natural water system (rivers, lakes and seas), thus posing a great threat to the 
lives of human beings and other living organisms. Therefore, in order to safeguard the 
environmental and public health, it is greatly desirable to develop technologies that 
can effectively warn the presence of heavy metal ions as well as remove them from 
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the contaminated water. 
 
With the emphasis on water safety and security enhancement in recent years, many 
efforts have been devoted to develop on-site and in-situ monitoring of heavy metal 
ions. Among all the technologies, optical sensors have attracted considerable research 
attention in recent years. Unlike the conventional detection methods such as machine-
based analysis devices, optical sensors depending on naked-eye recognition require 
minimum labor and less sophisticated equipment (Klimant and Otto 1992). The 
mechanism of the optical sensors is based on the use of optical indicators that can 
generate and transduce optical signal, i.e., color change, as a response to the presence 
of certain metal species. For the convenience of applications, the optical indicators are 
usually immobilized onto solid supporting materials (Balaji et al. 2006). 
 
In the meantime, technologies for heavy metal removal have also been extensively 
developed. Adsorptive membrane is one of the most promising technologies that are 
newly developed in recent years. The adsorptive membrane is usually a type of porous 
membrane bearing functional groups on its external and internal surfaces. These 
functional groups, such as –COOH, –SO3H or –NH2, can bond with heavy metal ions 
through the surface complexation or ion exchange mechanism. Thus, heavy metal 
ions that are usually at relatively small amounts can be removed from the passing 
liquid (e.g. water or wastewater) when they are in contact with the membrane surface, 
even though the dimensions of the metal ions to be removed are much smaller than 
the pore sizes of the membrane. In comparison with the conventional porous 
membranes that are designed for the removal of particles with relatively large sizes, 
the adsorptive membrane provides the additional advantages of efficiently removing 
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dissolved heavy metal ions, as that could only be achieved by the conventional 
nanofiltration or reverse osmosis membranes but with much lower energy 
consumption and higher permeate flux (Liu and Bai 2006a). Although various 
adsorptive membranes have been developed, chitosan-based adsorptive membrane has 
appeared to be a promising type. Chitosan (CS) is a biopolymer that widely exists in 
the shells of crustaceans such as shrimps, crabs, lobsters, and can be easily obtained 
from seafood processing wastes. The presence of a large percentage of free amine and 
hydroxyl groups on chitosan structure renders it special chemical property that is 
particularly suitable for the sorption of heavy metal ions (Guibal 2004). 
 
Over the years, the adsorptive membrane and optical sensor have been developed 
individually in their respective disciplines. Therefore, a logical interest is raised to 
explore the possibility of combining the two technologies together. So far, however, 
there have not been any reported attempts to incorporate adsorptive removal and 
optical sensing together in a single membrane system to tackle the issue of heavy 
metal pollution. The present work, therefore, intends to bridge the gap by developing 
multifunctional membranes for simultaneous visual detection and adsorptive removal 
of heavy metal ions from aqueous solutions, which will have significant importance in 
heavy metal pollution control and remediation.  
 
1.2 Research objectives and scopes of the work 
The main objective of this work is to develop multifunctional membranes that 
incorporate the functions of adsorptive removal and visual detection for heavy metal 
ions with a filtration membrane. However, we may encounter many challenges or 
issues during the innovation, such as how to immobilize optical indicators on the base 
 5 
membranes; how to achieve high performance in the new functions without 
compromising the original function of the base membranes, and what are the 
influence of water solution compositions on the performance of the developed 
multifunctional membranes. In order to tackle the issues mentioned above as well as 
explore the applications of the prepared membranes, this research work is carried out 
from several aspects and the thesis is organized in the order as described below. 
 
(a) Feasibility of multifunctional membrane concept development 
In this study, the first effort was made to immobilize an optical indicator for lead ions, 
dithizone (DZ), onto a CS/CA blend adsorptive membrane. The obtained membrane 
(CS/CA-DZ) was tested for its optical response as well as adsorption performance 
towards lead ions. Experimental results showed that the CS/CA-DZ membrane can 
achieve visual detection and adsorptive removal of lead ions simultaneously, proving 
that the concept of multifunctional membrane was feasible and practicable.  
 
(b) Extension of multifunctional membrane concept to other heavy metals  
Further attempt was made to extend the concept of the multifunctional membrane to 
other heavy metal ions. As an illustration, 5,10,15,20-tetraphenolporphine 
tetrasulfonic acid (TPPS) functionalized CS/CA membrane was prepared and studied 
for its performance in Hg(II) detection and removal. The effects of various factors, 
including the amount of immobilized indicator, solution pH, solution ionic strength, 
initial Hg(II) concentration and the presence of interference ions, were investigated 
through a series of batch adsorption experiments. The performance of the prepared 
membrane was tested in both adsorption and filtration with synthetic Hg(II) water 
samples and real water samples dosed with Hg(II), respectively. The results showed 
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that the optimum TPPS immobilization amount appeared at 1.0mg (TPPS)/g (dry 
membrane) and the prepared membrane exhibited good performance for both visual 
detection and adsorptive removal of Hg(II) in solutions with initial pH ranging from 5 
to 8. The influence of ionic strength in the solutions was not significant when the ion 
concentration was lower than 0.05M (as added NaNO3). The interference study 
showed that the membrane possessed good selectivity and sensitivity towards Hg(II) 
with the presence of other cations, especially alkali and alkaline earth metal ions, even 
in their relatively high concentrations. Besides, the used membrane was found to be 
effectively regenerated by 0.01M EDTA and could be reused without significant loss 
of its functionality. This study has illustrated the potential prospect of the prepared 
membrane for the simultaneously warning and removal of mercury ions in water and 
wastewater treatment. 
 
(c) Effect of organic pollutants on the performance of the multifunctional membrane 
Followed the previous studies, a further work was directed to investigate the effect of 
organic contaminants in water on the performance of the multifunctional membrane. 
The ubiquitous existence of soluble humic substances in natural water, especially 
humic acid (HA), are suspected to affect the performance of the multifunctional 
membrane in real applications as HA may influence the speciation, solubility and 
transport of heavy metal ions in aqueous solutions; react with indicators and 
functional groups on the membrane; or cause fouling of the membrane. In this study, 
we investigated the effect of the presence of HA in solutions on the removal and 
visual detection of Hg(II) ions by the CS/CA-TPPS membrane prepared in the 
previous section. Experiments were conducted in three phases, i.e., batch adsorption 
and filtration of individual Hg(II) and HA solutions; sequential adsorption and 
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filtration of individual Hg(II) and HA solutions; co-adsorption and co-filtration of 
solutions containing both Hg (II) and HA. The results showed that the existence of 
HA would improve the removal of Hg(II) but the sensitivity of visual detection of 
Hg(II) by the multifunctional membrane would be compromised when HA existed in 
high concentrations. Therefore, the pretreatment for HA removal in the application of 
the CS/CA-TPPS membrane may be required if the visual detection of Hg(II) has a 
priority in the treatment of water or wastewater.  
 
(d) Explore the advanced and more versatile method for the immobilization of 
indicators onto the base membrane 
The immobilization of optical indicators onto the base membrane is a key and 
challenging step to prepare the multifunctional membranes with desired functions. In 
the fourth part of this study, a versatile post-grafting method - atom transfer radical 
polymerization (ATRP), was introduced to tackle this issue. 5,10,15,20-Tetrakis (1-
methyl-4-pyridinio) porphyrin tetra (p-toluenesulfonate) (TMPyP), an optical 
indicator for cadmium ions which does not have intrinsic affinity to the CS/CA base 
membrane was selected as an example for illustration. TMPyP was successfully 
immobilized onto the CS/CA membrane via the ATRP method. The method was 
proven to be effective and efficient in modifying the membrane surface properties, 
which facilitated the immobilization of the optical indicator. Besides, the ATRP 
method was also found to improve the adsorption capacity of the membrane by 
introducing more functional groups through the grafted polymer brushes on the 
membrane surface. Therefore, this method is regarded as a facile and versatile 
strategy to design the surface of the membranes for the advanced development in 









CHAPTER 2 LITERATURE REVIEW 
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2.1 Heavy metal 
Metals are defined chemically as “elements which conduct electricity, have a metallic 
luster, are malleable and ductile, form cations, and have basic oxides”. In order to 
clarify the individual properties for proper application, metals are usually subdivided 
into different classes based on their chemical, physical or biological properties, such 
as semimetal, light metal, heavy metal, essential metal and trace metal (Atkins and 
Jones 1997). 
 
Over the past two decades, the term “heavy metal” has been used increasingly in 
various publications and legislations related to the chemical hazards and 
environmental safety. Many different definitions of “heavy metal” have been 
proposed, some based on density, some on atomic number or atomic weight, and some 
on chemical properties or toxicity (Duffus 2002). From the environmental and 
biological point of view, the term “heavy metal” refers to a group of metal and 
semimetals (metalloids) with a specific gravity that is at least 5 times of the specific 
gravity of water, which have been associated with contamination and potential 
toxicity or ecotoxicity (Hodgson et al. 1998; Webster 1976). This definition is applied 
in this study. 
 
Appropriate intake of some heavy metals, e.g., iron, copper, manganese and zinc, in 
small quantity is essential in maintaining biochemical reaction of metabolism, which 
ensures an optimal health of living organism. These heavy metals are commonly 
found in foods, fruits, vegetables and commercially available multivitamin products in 
a small amount (International Occupational Safety and Health Information Centre 
1999). Since 19th century, heavy metals have been largely applied in industries such as 
 10 
battery manufacturing, metal electroplating, textile dying, alloys, steels and so on. 
Despite their undoubted contributions to the development of human society, heavy 
metals also pose a threat to the lives of human beings. More and more environmental 
and health issues related to excessive exposure or ingestion of heavy metals have 
emerged and become an acute global concern especially in developing countries 
(International Occupational Safety and Health information Centre 1999). 
 
2.2 Heavy metal pollution 
In the last few decades, the world has been undergoing a speedy process of great 
upheaval and we have seen numerous changes from every aspect of life. However, 
besides the exhilarating developments and improvements, we are also witnessing a 
deteriorated environment. Heavy metal contamination has been one of the greatest 
environmental issues induced. Ever since the first industrial revolution, the occurrence 
of heavy metal contaminants has dramatically increased as a result of extended 
industrial and urban activities. More and more people are or would be suffering from 
the exposure of significant levels of heavy metal contaminants. Heavy metal 
contaminants can be readily absorbed into living organisms in ions or soluble 
compound forms and would accumulate in the tissues. Once entering the human body, 
they will damage or reduce mental and central nervous functions, lower energy levels, 
and cause malfunction of lungs, kidneys, liver, and other vital organs. The symptoms 
of acute toxicity are usually severe and develop rapidly, including cramping, nausea, 
and vomiting; pain; sweating; headaches; difficulty breathing; impaired cognitive, 
motor, and language skills; mania; and convulsions (Al-Saleh et al. 2008; Ferner 
2001). One of the major problems associated with heavy metal contaminants is their 
potential for bioaccumulation and biomagnifications through the food chain, thus 
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posing a lasting and pervasive threat to the living organisms. Long-term exposure to 
heavy metal contaminants may slowly and progressively lead to physical, muscular, 
and neurological degenerative processes that mimic Alzheimer's disease, Parkinson's 
disease, muscular dystrophy, multiple sclerosis, and some may even cause cancers 
(International Occupational Safety and Health Information Centre 1999).  
 
Heavy metals can enter the water supply through industrial and domestic effluents, or 
from acidic rain that breaks down soils and releases heavy metals into streams, lakes, 
rivers and groundwater. Table 2.1 shows the national primary drinking water 
regulations on heavy metal contaminants from the U.S. Environmental Protection 
Agency (USEPA). Among all the heavy metal pollutants, mercury, lead and cadmium 
are the most frequently encountered species in industrial wastewater. They are highly 
toxic even at very low concentrations and have been listed in the USEPA’s priority 
pollutants (Cameron and Sohn 1992). In cooperation with the USEPA, the Agency for 
Toxic Substances and Disease Registry (ATSDR, a part of the U. S. Department of 
Health and Human Services) has compiled a Priority List called the "Top 20 
Hazardous Substances" in 2001; where lead, mercury and cadmium appear among the 
top 10. Therefore, in this study, lead(II), cadmium(II) and mercury(II) are selected as 
the research focus because of their high toxicity and prevalence. The following 
section provides a brief review of lead(II), cadmium(II) and mercury(II) in terms of 








MCL3 or TT4 
(mg/L) 
Potential Health Effects from Ingestion of Water 
Antimony 0.006 0.006 Increase in blood cholesterol; decrease in blood 
sugar 
 
Barium 2 2 Increase in blood pressure 
 
Cadmium 0.005 0.005 Kidney damage 
 
Chromium 0.1 0.1 Allergic dermatitis 
 
Copper 1.3 TT5; Action 
level=1.3 
Short term exposure: Gastrointestinal distress; 
Long term exposure: Liver or kidney damage; 
People with Wilson's Disease should consult their 
personal doctor if the amount of copper in their 
water exceeds the action level 
 
Lead 0 TT5; Action 
Level=0.015 
Infants and children: Delays in physical or mental 
development; children could show slight deficits in 
attention span and learning abilities; 





0.002 0.002 Kidney damage 
Selenium 0.05 0.05 Hair or fingernail loss; numbness in fingers or toes; 
circulatory problems 
 
Thallium 0.0005 0.002 Hair or fingernail loss; numbness in fingers or toes; 
circulatory problems 
 
1. USEPA (United States Environmental Protection Agency), NPDWR (National Primary Drinking 
Water Regulation) is a legally- enforceable standard that applies to public water systems. Primary 
standards protect drinking water quality by limiting the levels of specific contaminants that can 
adversely affect public health and are known or anticipated to occur in water. They take the form of 
Maximum Contaminant Levels or Treatment Techniques, which are described below. 
2. MCL (Maximum Contaminant Level) - The highest level of a contaminant that is allowed in 
drinking water. MCLs are set as close to MCLGs as feasible using the best available treatment 
technology and taking cost into consideration. MCLs are enforceable standards. 
3. MCLG (Maximum Contaminant Level Goal) - The level of a contaminant in drinking water below 
which there is no known or expected risk to health. MCLGs allow for a margin of safety and are non-
enforceable public health goals. 
4. TT (Treatment Technique) - A required process intended to reduce the level of a contaminant in 
drinking water. 
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5. Lead and copper are regulated by a Treatment Technique that requires systems to control the 
corrosiveness of their water. If more than 10% of tap water samples exceed the action level, water 




2.2.1 Lead (Pb) 
Lead appears as the number 2 on the ATSDR's "Top 20 List" and accounts for most 
cases of pediatric heavy metal poisoning (Roberts 1999). Lead pollutants are mainly 
from industries. Every year, industries produce about 2.5 million tons of lead 
throughout the world. Electroplating industries, metal furnishing industries, burning 
of leaded gasoline, mining and metallurgic industries, and trash incineration are by far 
the greatest sources of lead pollutants. Besides, lead has been used in pipes, drains, 
and soldering materials for many years. Millions of houses built before 1940 still 
contain lead (e.g., in painted surfaces), which is subject of causing chronic exposure 
of lead from weathering, flaking, chalking, and dust. Mild lead poisoning can cause 
anemia. The victim may have headaches and sore muscles, and may feel generally 
fatigued and irritable (Harrison and Laxen 1981). High levels of lead exposure may 
result in toxic biochemical effects in humans such as problems in the synthesis of 
haemoglobin, malfunction of the kidneys, pains in gastrointestinal tract and joints, and 
acute or chronic damage to the nervous system (International Occupational Safety and 
Health Information Centre 1999). It has also been reported that lead has an extensive 
history as a reproductive toxin, which exerts its effect either directly on the 
developing fetus after gestation begins, or indirectly on paternal or maternal 
physiology before and during the reproduction process (Silbergeld 1991). The USEPA 
has set an action level of lead in drinking water at 15 ppb (USEPA 2008). 
 
2.2.2 Cadmium (Cd) 
Cadmium is usually concentrated in argillaceous and shale deposits as greenockite 
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(CdS) or otavite (CdCO3) and associated with zinc, lead or copper in sulfide form 
(Cameron 1992). It is only in the last twenty years that cadmium contamination has 
become a concern because of the extensive use in industrial applications including 
coating, steel plating, pigment, stabilizers and manufacturing of nickel/cadmium 
batteries (Hasan et al. 2006; Rorrer et al. 1993; Tatineni and El-Safty 2006). Cadmium 
has been listed as the number 7 on the ATSDR's "Top 20 list" and classified as a 
human carcinogen (Arisawa et al. 2007). Cadmium can produce many toxic effects 
such as damaging nephridium, causing sugar urine, bone loosening, and bone atrophy 
and bone distortion. Chronic cadmium exposure may lead to calcium metabolism 
disorders, renal dysfunction, and an increased risk of certain forms of cancers because 
cadmium can directly inhibit the remediation of DNA mismatch (McMurray and 
Tainer 2003). A recent study also showed that cadmium can cause dysfunction in the 
production of hormones, which leads to infertility (Al-Saleh et al. 2008). Besides, 
cadmium can be easily absorbed by agricultural crop such as rice. It has been reported 
that over 60% rice samples in southern region of China were found containing 
cadmium, which would eventually threaten the health of people who consume the rice. 
The U. S. Food and Drug Administration (USFDA) have set the limit of cadmium as 
15 mg/L in food colors. Meanwhile, the limit for cadmium in drinking water is set at 5 
ppb by the USEPA. 
 
2.2.3 Mercury (Hg) 
Mercury exists in the environment in three forms: elemental, inorganic and organic 
mercury. Elemental and ionic mercury contaminants are mainly released by the 
electrical industry, chloralkali industry, and through the burning of fossil fuels (coal, 
petroleum). Mercury can be dispersed across the globe by wind and return to the earth 
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in the form of rain, which then accumulates through the aquatic food chains (Clarkson 
1990). The acute and long-term exposure of elemental and ionic mercury may cause 
gastrointestinal disturbance and renal damage, resulting in tubular dysfunction which 
leads to tubular necrosis in severe cases (Liu et al. 2003). Methylmercury is the most 
encountered organic mercury in the aquatic and terrestrial environment. It is formed 
from ionic mercury through biochemical reaction in the environment and can be 
easily absorbed by the organisms, accumulate in their bodies and eventually magnify 
the toxicity to human beings through the food chain. Therefore, even present at very 
low concentrations in the environment, Hg(II) can cause great potential threat to 
human health. The USEPA has established the drinking water criterion for mercury at 
2µg/L, and the permitted discharge limit of mercury in wastewater at 10µg/L (USEPA 
2001). In Europe, even more stringent limits have been set by the European Union at 
1 and 5µg/L in drinking water and wastewater effluent, respectively (Ghodbane and 
Hamdaoui 2008).  
 
2.3 Heavy metal removal technology  
The remediation of heavy metal pollutants in environment has drawn great research 
interest over the last few decades. Numerous physical and chemical approaches have 
been developed and applied to remove heavy metal ions from contaminated water, 
such as chemical precipitation, solvent extraction, ion exchange, membrane separation 
and adsorption. Among all the efforts, adsorption and membrane separation have 
received a considerable research interests in recent years as effective, economical and 
environmentally friendly technologies. 
 
Adsorption is generally described as the accumulation of components from a mixture 
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on the surface of a solid adsorbent. Adsorption has been increasingly used in various 
applications for purification and separation since the twentieth century and has been 
demonstrated good potential in water and wastewater treatment for its advantages of 
being cost-effective and user-friendly. Adsorption can be a physical or 
physicochemical process utilizing different interaction modes between adsorbents and 
adsorbates, such as electrostatic interaction, covalent bonding and complexation, and 
therefore it is efficient in removing pollutants, including heavy metal ions, even at 
low concentrations (Fu and Wang 2011). Furthermore, selective adsorption also 
provides the possibility to recover the targeted species for reuse, eliminating the need 
for their ultimate disposal and thus conserving resources.  
 
Many of the adsorption behaviors are directly related to the physical or chemical 
properties of the adsorbents, such as surface morphology, porosity and functional 
groups. Current research interest has been put into the discovery of adsorbents with 
desired physical and chemical properties for the various applications. Naturally-
occurring materials which come from the living or dead biomass are identified to be a 
desirable source of adsorbents due to their abundant availability, low cost and high 
bio-compatibility (Wang and Chen 2009). In the last two decades, many natural 
materials, such as seaweed, alginate, dead biomass, rice hulls, chitin and chitosan, 
have been widely studied and applied for heavy metal adsorption (Boddu et al. 2003; 
Deng and Ting 2005; Klimmek et al. 2001; Yun et al. 2001). Among the various 
natural materials, chitosan has received great research attention. Chitosan is a low-
cost biopolymer derived from deacetylation of chitin, the second-most abundant 
natural biopolymer, which can be found in exoskeletons of crustaceans and insects 
(Kurita 2006). Normally, chitin is regarded as chitosan when the degree of 
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deacetylation is more than 70%. It has been reported that the market price for 
producing chitosan from fish and crustaceans is only US$15.43/kg (Babel and 
Kurniawan 2003). The physical and chemical properties of chitosan depend on the 
degree of deacetylation, polymer mass and crystallinity. The deacetylation degree 
determines the amount of free amine groups that are mainly account for heavy metal 
adsorption (Brown and Thornton 1998). Commercial chitosan product normally has a 
degree of deacetylation from 75% to 95%. Fig. 2.1 shows the chemical structure of 
chitosan, wherein, the nitrogen atoms in the amine groups hold free electron doublets 
that can react with metal cations through the chelation mechanism. However, the 
crystallinity of the polymer affects the accessibility of the sorption sites. A usual 
practice for decreasing the crystallinity of chitosan is to dissolve it in an acid solution, 
and then coagulate it in a base solution (Guibal et al. 1998; Piron et al. 1997; Rorrer et 
al. 1993). Formic and acetic acids are two of the most commonly used acids for 
preparing chitosan solutions. Inorganic acids, such as hydrochloric acid, nitric acid, 
perchloric acid, and phosphoric acid, can also be used to dissolve chitosan but 
prolonged stirring and heating are required (Roberts 1992). Comparing with other 
adsorption materials such as activated carbon, zeolite, silica gel as well as synthetic 
polymer adsorbents, chitosan possesses the advantages of being non-toxic, easily 
biodegradable and highly hydrophilic; hence it is an ideal absorbent for heavy metal 
adsorption (Guibal 2004; Jang et al. 2004). 
 
 
Fig. 2.1 Chemical structure of chitosan 
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Chitosan has been found to form surface complexes with many heavy metal ions, 
including Cd(II), Hg(II), Pb(II) and Cu(II) in aqueous solutions, and the binding 
capacity can be higher than 1mM metal/g chitosan, which is more effective than most 
commonly used ion exchange resins (Bailey et al. 1999). Besides, due to the existence 
of amino and hydroxyl functional groups, chitosan could also effectively adsorb 
various organic compounds including polychlorinated biphenyls, pesticides and dyes 
(Li et al. 2009; Maghami and Roberts 1988; Yoshizuka et al. 2000). Besides, the 
functional groups on chitosan make it easier for further functionalization by 
introducing other desired moieties. However, the use of chitosan in industrial waste 
treatment has been limited due to its poor mechanical strength. 
 
Membrane separation has become one of the commercially attractive techniques in 
water and wastewater treatment due to its high removal, low footprint of installation 
and low reagent consumption (Kurniawan et al. 2006). Conventional membrane 
separation is based on the sieving mechanism which depends on the sizes of the target 
components to be separated and the membrane pores. Particles with larger size than 
the membrane pore size are retained while smaller particles can pass through the 
membrane. Based on the retaining particle size, membranes are usually classified as 
microfiltration (MF) membrane, ultrafiltration (UF) membrane, nanofiltration (NF) 
membrane and reverse osmosis (RO) membrane (Wagner 2001). MF and UF 
membrane could not eliminate heavy metal ions effectively from the water because 
the size of metal ions are too small as compared to the pore sizes of the membranes 
(Kagramanov et al. 2001; Lazaridis et al. 2004; Matis et al. 2004; Mavrov et al. 2003). 
Nanofiltration with membrane pore size in nanoscale may achieve removal of heavy 
metal ions at percentage as high as 90-98% (Mohammad et al. 2004; Tanninen et al. 
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2006; Yurlova et al. 2002); while RO can achieve even higher removal rate up to 
99.5%. However, both NF and RO require high energy input in operation as a large 
pressure of up to 50-70 bars may be necessary for it to work. The high operation 
pressure must be applied to overcome the osmotic pressure of the feed solution 
(wastewater), resulting from solvent (water) permeation and retention of ionic 
compounds, and to drive the permeation flow through the membrane (Ozaki et al. 
2002; Qin et al. 2002). Therefore NF and RO are generally not preferred because of 
the high operating cost and low productivity. Table 2.2 shows the typical energy 
consumption and product recovery values for various membrane systems; while Table 
2.3 lists the advantages and disadvantages of each type of membranes. 
 
Table 2.2 Typical energy consumption and product recovery values for various 
membrane systems (Metcalf and Eddy 2004). 
Membrane      Operating pressure       Energy consumption       Product recovery 
Process                         kPa                          kWh per m3                        % 
Microfiltration             100                               0.4                              94-98 
Ultrafiltration               525                               3.0                             70-80 
Nanofiltration               875                              5.3                              80-85 




The major challenge in membrane separation technology for water and wastewater 
treatment now is to remove unwanted components in a more efficient and cost-
effective way, especially where the pollutants are at low concentrations and of smaller 
sizes that conventional separation materials and technologies have reached their limits. 
In recent years, adsorptive membrane has been developed to mitigate the dilemma 
between high efficiency and high cost. Adsorptive membrane is an extension or 
special type of MF or UF membranes bearing functional groups or specific ligands on 
the membrane surface that could remove contaminants by selective surface adsorption 
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other than the size exclusion mechanism in the conventional membrane technology. 
The greater pore sizes of the adsorptive membranes allow the free passage of liquid 
and other dissolved components but selectively retain certain components to be 
removed from the passing liquid through the membrane matrix. Selective separation is 
achieved through specific chemical interactions between the targeted components and 
the functional groups of the membranes. Therefore, the pore size of the membranes is 
not crucial in this separation process, which overcomes the limitation of the 
conventional filtration membranes that depend entirely on pore sizes and work based 
on the size exclusion mechanism. Therefore, adsorptive membrane can obtain high 
removal efficiency of heavy metal ions and provide high permeate fluxes at low 
energy consumption.  
 
Table 2.3 Advantages and disadvantages of membrane treatment technologies 
(Metcalf and Eddy 2004). 
                      Advantage                                            Disadvantage 
                                           Microfiltration and ultrafiltration 
Can reduce the amount of treatment             Uses more electricity, high-pressure           
Chemicals                                                       systems can be energy-intensive 
 
Smaller space requirement (footprint);        May need pretreatment to prevent  
Membrane equipment requires 50-80          fouling; pretreatment facilities increase 
percent less space than conventional           space needs and overall costs 
plants 
 
Reduced labor requirements; can be           May require residuals handling and dis- 
automated easily                                          posal of concentrate 
 
New membrane design allows use of          Requires replacement of membranes 
lower pressure; system cost may be            about every 3 to 5 years 
competitive with conventional waste- 
water treatment processes                            Scale formation can be a serious problem. 
                                                                     scale-forming potential difficult to predict  
Removes protozoan cysts, oocysts, and      without field testing 
helminth ova; may also remove limited 
amounts of bacteria and viruses                   Flux rate (the rate of feed water flow through 
                                                                                                        the membrane) gradually declines over time. 
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A new trend for adsorptive membrane preparation is the application of naturally 
occurring biopolymers or their derivatives as the base materials. These biopolymers 
originally contain functional groups on their polymer backbones. Therefore, their use 
could greatly simplify the preparation process of adsorptive membranes because the 
surface modification or grafting of functional groups onto the conventional base 
membranes, which normally involves a number of steps and also requires harsh 
physical or chemical conditions, could be avoided or minimized (Beeskow et al. 1995; 
Randon et al. 1995; Wang et al. 2009; Zhu et al. 2009). Moreover, naturally occurring 
biopolymers can have many advantages over the synthetic polymers, including high 
hydrophilicity, good biocompatibility, nontoxicity, low cost and renewability. 
Chitosan has been studied for membrane preparation over years because it can be 
dissolved in weak acid solutions and can be easily processed into membranes with 
different configurations (e.g., flat sheet membrane, hollow fiber) for various 
applications. Although chitosan has many attractive properties, it has not been widely 
applied in industries. One of the major problems that affect its application is the poor 
                                                                     Recovery rates may be considerably less than 
100 percent 
 
                                                                      Lack of a reliable low-cost method of 
monitoring performance 
Reverse osmosis 
Can remove dissolved constituents           Works best on groundwater of low solids,  
                                                                                                               surface water or pretreated wastewater effluent 
Can disinfect treated water 
                                                                                                                Lack of a reliable low-cost method of 
monitoring performance 
Can remove NDMA and other related 
organic compounds                                   May require residuals handling and disposal of 
concentrate 
 
Can remove natural organic matter (a        Expensive compared to conventional                              
disinfection by-product precursor) and      treatment 
inorganic matter 
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mechanical strength. In order to improve its mechanical strength, chitosan is usually 
blended with other polymers such as cellulose acetate (CA). In the study of Liu and 
Bai, chitosan/cellulose acetate (CS/CA) blend membrane was prepared by dissolving 
CS and CA polymers into formic acid, and then coagulated with sodium hydroxide 
(NaOH) solution (Liu and Bai 2005). Research has also shown that the membrane 
pore size, porosity and specific surface area of the membrane can be adjusted by 
controlling the ratio of CS to CA (Fig. 2.2, (Liu and Bai 2006b)). The prepared 
CS/CA blend membranes were found to possess good adsorption capacity, fast 
adsorption rates and short adsorption equilibrium times for heavy metal ions such as 
copper ions (Liu and Bai 2005). CS/CA blend membrane will be used as the base 




Fig. 2.2 Comparison of morphology of the CS/CA membrane with higher CS/CA 
ratio (3-12) as compared to that with a lower CS/CA ratio (2-18) (Liu and Bai 2006b). 
 
 
2.4 Heavy metal monitoring technology 
Improper discharge and incidental release of heavy metals to the environment would 
lead to long-lasting threat to human health (Clifford et al. 2005). Table 2.4 lists some 
incidents which are associated with heavy metals contamination and public health. 
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Table 2.4 Heavy metals contamination caused by natural or man-made disasters. 
1932, Minamate, Japan (Nishimura 1998) 
Sewage containing mercury was released by Chisso's chemicals works into 
Minimata Bay. Poisoning appeared in the population caused by consumption of 
fish polluted with mercury, resulting in over 500 fatalities.  
1986, Sandoz, Switzerland (Güttinger and Stumm 1992) 
Water used to extinguish a major fire carried 30 ton fungicide containing 
mercury into the Upper Rhine. Fish were killed over a stretch of 100 km.  
1998, Coto De Donana, Spain (Kraus and Wiegand 2006) 
5 million of mud containing sulphur, lead, copper, zinc and cadmium from a 
burst dam flowed down the Rio Guadimar. Europe's largest bird sanctuary, as 
well as Spain's agriculture and fisheries, suffered permanent damages from the 
heavy metal pollution. 
2010, Ajka, Hungary (Schöll and Szövényi 2011) 
The Ajka alumina sludge spill freeing about a million cubic metres (35 million 
cubic feet) of liquid waste from red mud lakes containing heavy metals including 
arsenic, lead, cadmium and mercury. At least 9 people died, and 122 people were 
injured. About 40 square kilometres (15 square miles) of land were initially 
affected.  
2011, Fukushima, Japan (Suminori 2012) 
The earthquake and tsunami on Mar. 11th disabled the reactor cooling systems of 
Fukushima Daiichi Nuclear Power Plant, leading to the leaking of fission 





The New Century magazine in its Feb. 2011 edition reported that up to 10% of 
rice grown in China is contaminated by harmful heavy metals like cadmium, 
lead, mercury and arsenic due to years of pollution stemming from the nation's 
rapid economic growth.  
 
In order to ensure the environment safety and security as well as safeguard the public 
health, we should always be vigilant to the heavy metal related industries and well 
prepared and equipped to manage the continuing effect of heavy metal contamination 
caused by the unforeseeable disasters. Thus, there is a dire need for advanced 
technologies that can instantly detect and adequately warn the existence of heavy 
metals in water that is suspected to be contaminated (Boiocchi et al. 2004; Oehme and 
Wolfbeis 1997).  
 
2.4.1 Instrumental analysis 
Instrumental analysis is a sophisticated technique that can detect the presence and the 
concentration of analytes in matrix. Various methods such as atomic absorption 
spectrometry (AAS) (Li et al. 2002; Tsalev et al. 2002), inductively coupled plasma 
(ICP) (Dias et al. 2005), and atomic fluorescence spectrometry (AFS) (Liu et al. 2003) 
are currently used to detect heavy metal ions. However, all the methods mentioned 
above are normally expensive, bulky, complicated to operate and require trained 
personnel, thus leading to high capital investment and costly maintenance, and yet not 
being suitable for on-site monitoring applications. Although X-Ray fluorescence 
(XRF) and electrochemical stripping analysis can be made “portable”, they are 
impractical in the field application as they require procedures to be carried out in 
laboratory such as pipetting. Therefore, reliable, easy-to-use and economical methods 
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are desired, especially the ones that are capable for real-time in-situ and on-site 
detection or identification of heavy metals without relying on sophisticated 
instruments and chemists as well as the complicated sample preparation procedures. 
 
2.4.2 Chemical sensor 
The growing need for on-site and in-situ monitoring of heavy metal pollutants has led 
to the development of chemical sensors. A chemical sensor is a device that can 
transform chemical information into an analytically useful signal. The chemical 
information, as mentioned above, may originate from a chemical reaction of an 
analyte or from a physical property of the system investigated (Hulanicki et al. 1991). 
Basically, a chemical sensor contains two major functional units: a receptor that could 
catch the analyte and induce a chemical signal; and a transducer that can translate the 
chemical signals into useful analytical signals (Fig. 2.3).  
 
Fig.2.3 Schematic representation of the composition and function of a chemical 
sensor (Lobnik 2006). 
 
The receptor of a chemical sensor may generate chemical signals of an analyte from 
different mechanisms, such as: 
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 Physical, where no chemical reaction takes place. Typical examples are those 
based upon the measurement of absorbance, refractive index, conductivity, 
temperature or mass change.  
 Chemical, in which a chemical reaction will take place between the receptors 
and analyst accompanying with chemical signals. One common example is the 
measurement of pH based on the interaction of the hydronium ion with the 
glass electrode. Biosensor is a type of chemical sensor, in which biochemical 
reaction between analytes and receptors is the source of the analytical signal. 
Typical examples are microbial potentiometric sensors or immunosensors.  
 
Normally, chemical sensors can be classified as optical, electrochemical, electrical, 
magnetic, thermometric and mass sensitive, according to the operating principle of the 
transducer (Fig. 2.4).  
 
Fig.2.4 Classification of chemical sensor according to the operation principle of the 
receptor and transducer (Lobnik 2006). 
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The essential features of chemical sensors are 
(a) Sensitivity: it represents the detection capability with respect to the sample 
concentration or amount. A highly sensitive sensor can sense very low level of 
changes.  
(b) Selectivity: most chemical sensors are operated in complex environments, 
where various parameters change simultaneously. The sensor should have the 
ability to detect desirable physical quantity among a variety of other 
undesirable quantities.  
(c) Response time: this feature indicates how fast a sensor can react to changes 
and generate signals of chemical information depending upon environmental 
changes. 
(d) Operating life: this is the total lifetime of the sensor as measured by the 
repeatability of the measurement data within a specific threshold set by the 
application.  
 
Various types of chemical sensors have been applied in many fields, such as 
environmental chemistry, waste management, bioremediation of radionuclide and 
clinical toxicology to protect the public health as well as the environment from 
unwanted contamination (Islam and Haider 2010). Particularly, many studies have 
been done to develop chemical sensors for heavy metals. A thin film chemical 
microsensor based on chalcogenide glass-sensitive materials was reported to exhibit 
Nernstian response with detection limit of 1×10-7 M to Cu(II) and Pb(II) ions; 4×10-7 
M and 3×10-5 M to Cd(II) and Tl(I) ions, respectively (Mourzina et al. 2001). Besides, 
some amino acids, such as oligopeptides are found to be ideal sensor for heavy metals 
because of their highly specific complexation affinity towards certain heavy metal 
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ions. Chow et al. modified the gold electrodes with Asp-Arg-Val-Tyr-Ile-His-Pro-
Phe-His-Leu and Gly-Gly-His to detect Pb(II) and Cu(II) respectively, where the 
oligopeptide-modified electrodes were coupled to cyclic voltammetry or Osteryoung 
square wave voltammetry to transduce the oligopeptide-metal binding events (Chow 
2005). These electrodes can detect metal ions with high sensitivity and selectivity; 
and therefore receive considerable attention due to their potential for easy detection 
and quantification of the pollutant species. Silicon nanowires (SiNW) have also been 
applied as nanometer-scale sensors for the detection of metal ions ever since the 
discovery of their electrical properties. An attractive feature of the SiNW-based 
sensor is that the chemical binding can be monitored directly by using the changes in 
conductance or related electrical properties (Cui et al. 2001; Li et al. 2004). However, 
the mentioned electrochemical sensors are usually suffering from electrical 
interference and require a close connection of the reagent phase with the electrode 
body, which limits their application for on-site usage.  
 
2.4.3 Optical chemical sensor with visual detection property 
Among the many types of chemical sensors, the optical sensors which rely on optical 
detection of a chemical species represent a promising means as comparing with the 
traditional electrochemical sensors (Toth 1999). The recent years have seen an 
increasing activity in the development of optical sensors. Fiber optic chemical sensors 
(FOCSs) represent a subclass of optical sensor in which an optical fiber is used as part 
of the transduction element. Various fiber optic chemical sensors (optodes) for the 
determination of heavy metals have been reported in the literatures (Kirkbright et al. 
1984; Valcarcel and Luque de Castro 1990). Most recently, there is a growing 
research interest on the development of non-fiber optic method for direct visual 
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detection, especially in terms of chromatic (color) change. This method is considered 
to be more convenient in application because the sensing results can be easily read out 
by naked eyes without involving any special transducers and substantial or 
complicated spectroscopic instrumentation (Chen et al. 2007; Zhang et al. 2004). It is 
regarded as a combination of sensitivity, selectivity, simplicity, low cost and easy data 
reading (Ensafi et al. 2008a; Ensafi et al. 2008b). 
 
There are two basic sensing schemes for the visual detection of heavy metal ions: 
 Detection based on intrinsic optical properties of heavy metals 
In this case, quantification is accomplished via measurement of adsorption 
(ranging from the UV to the near infrared), or via luminescence. The respective 
laws of Lambert-Beer, Parker, or Kubelka-Munk are applicable to correlate 
absorbance, fluorescence or reflectance with analyte concentration. This sensing 
mechanism can be applied to heavy metals include copper (Freeman et al. 1985), 
cobalt, nickel, the lanthanide ions europium and terbium, and the radionuclides 
uranium (Boisde et al. 1991; Malstrom 1983), and plutonium (Boisde et al. 1991). 
However, such  "sensors"  lack  specificity  since  they  are  interfered by other  
species absorbing  at  the  same wavelength,  and  by  sample  turbidity  and  
changes  in refractive  index. Besides, many of the above sensors are only 
applicable to detect heavy metals with relatively high concentrations because the 
molar optical absorptivities of heavy metals are relatively low for detection.  
 
 Indicator (or label)-mediated sensing  
Many compounds could bind with metal ions and generate changes in their light 
absorption accordingly, which make it possible to detect metal ions through the 
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optical changes of the compounds. These compounds are normally regarded as 
indicators (Fig. 2.5), which act as both receptors and transducers for the metal ions 
that cannot be determined directly by their intrinsic optical properties.  
ion Indicator complex(ion-indicator)+
 
Fig. 2.5 Formation of ion-indicator complex 
 
In the past few years, there have been increased activities to develop optical indicators 
for heavy metal ions. One of the achievements is the “chromogenic ionophore-based 
cation detection”. The term ionophore is used to describe a compound, normally an 
organic ligand, which selectively binds ions. Typically, ionophores are macrocyclic 
molecules with ion binding cavities. Chromogenic ionophores are designed by 
introducing chromogenic moieties into ionophores which could bring specific visible 
color change upon the interaction with the target metal cations, thus serving as 
chromatic indicators selectively for these metal ions. For the convenience of practical 
applications, the chromogenic ionophores are usually immobilized on or entrapped 
into a suitable solid matrix such as polymer membrane. For example, an optical 
chemical sensor for Ni(II) was developed by immobilizing  2-amino-l cyclopentene-l 
dithiocarboxylic acid (ACDA) onto transparent acetyl cellulose films (Steinberg et al. 
2003). Besides, the selective determination of Cu(II) was accomplished by dissolving 
pyrocatechol violet indicator in plasticized PVC membrane as a lipophilic ion pair 
with tetraoctylammonium cation. The membrane obtained could respond to Cu(II) by 
changing color irreversibly from yellow to green (740nm) (Steinberg et al. 2003). 
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The selection of optical indicators, solid matrix and immobilization methods exerts a 
significant effect on the performance of the detection (Oehme and Wolfbeis 1997). 
The choice of optical indicators is usually based on its sensitivity, selectivity towards 
the target analytes; while the preference of solid matrix is governed by parameters 
such as permeability for the analyte, mechanical stability and its suitability for 
indicator immobilization (Oehme et al. 1998). Besides, the immobilization method is 
based on the physical and chemical properties of the selected optical indicator and 
solid matrix (Lobnik 2006). Extensive efforts have been made to discover and 
develop highly sensitive and selective optical indicators (Feng and Chen 2007; Li et al. 
2006; Mohr 2006; Ng and Narayanaswamy 2006; Umemura et al. 2006). For example, 
Dithizone (DZ), diphenylcarbazide (DPC), 5,10,15,20-tetraphenylporphine 
tetrasulfonic acid (TPPS) and a,b,c,d-tetrakis(1-methylpyridinium-4-yl)porphine p-
toluenesulfonate (TMPyP) were found to be highly sensitive and selective towards 
Pb(II), Cr(VI), Hg(II) and Cd(II), respectively (Balaji et al. 2006). Besides, a newly 
synthesized thioxanthone derivative, 1-hydroxy-3,4-dimethylthioxanthone has  proven 
to be an excellent optical indicator for copper(II) ions because of the low detection 
limit (25.1µg/L) and fast response time (<1min) (Yari and Afshari 2006). Meanwhile, 
considerable studies have been carried out to develop effective methods to immobilize 
optical indicators on the supporting materials. The immobilization can be achieved 
through different ways such as electrostatic interactions, van der waals force, 
hydrogen-bonding interactions and ion exchange. Ensafi at el. immobilized 4-hydroxy 
salophen on triacetyl cellulose membrane through covalent bonding for the detection 
of Hg(II) and Cd(II) ions (Ensafi et al. 2008a; Ensafi et al. 2008b). Lerchi et al. 
dissolved methylen bis(diisobutyl dithiocarbamate) in a plasticized PVC membrane 
for the detection of Hg(II) (Lerchi et al. 1994); while Scindia et al. immobilized 1.5-
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diphenylcarbazide (DPC) into cellulose tracetate matrix through an anion exchanger 
(Aliquat-336) to determine Cr(VI) in aqueous samples (Scindia et al. 2004). In order 
to achieve a more stable immobilization, advanced approaches such as post-grafting 
and building-block methods were developed and applied. In the post-grafting 
technique, the cage solid carriers were first modified by silane- or thiol-coupling 
agents to enhance and tune the polarity of the solid carriers’ surfaces. In the building-
block methods, the same purpose was achieved by using certain surfactant to tune the 
polarity of the material surfaces before the indicator immobilization. Optical sensors 
obtained by these approaches were reported to be stable and robust without 
compromising the sensitivity and selectivity of the optical indicators towards target 
ions (El-Safty et al. 2008a). These studies on optical indicators and immobilization 
methods are essential references to the present work of developing multifunctional 
membrane for visual detection and adsorptive removal of heavy metal ions. 
 
2.5 Significance of this study 
Adsorptive membrane and optical sensor have been regarded as two promising 
techniques for the control of heavy metal contamination in their individual areas.  
There is a desire to combine the two technologies together to achieve heavy metal 
detection and removal simultaneously in a single membrane filtration process. This 
integration may have significant meaning in water and wastewater treatment as well 
as water quality and security monitoring. Besides, it will have other practical benefits 
in applications such as enhancing the overall treatment efficiency, simplifying the 
treatment system and reducing the environmental footprint. In this work, innovative 
attempts have been made to develop multifunctional membrane for visual detection 
and adsorptive removal of Pb(II), Hg(II) and Cd(II) respectively. The interdisciplinary 
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nature of the multifunctional membrane provides an innovative alternative to the 
conventional techniques, which would have a great prospect in heavy metal pollution 


















CHAPTER 3 DEVELOPMENT OF A NOVEL MULTIFUNCTIONAL 
MEMBRANE FOR VISUAL DETECTION AND ADSORPTIVE REMOVAL 





A multifunctional membrane for visual detection and enhanced adsorptive removal of 
lead ions in aqueous solution was prepared by immobilizing lead sensitive ligand, 
dithizone (DZ), onto chitosan (CS) /cellulose acetate (CA) blend membrane. The 
prepared membrane can display visible color change (from yellow to red) as a 
response to the presence of lead ions in aqueous solutions. At the same time, lead ions 
can be adsorptively removed by the functional groups on the membrane surface. Thus, 
this development demonstrated a truly multifunctional membrane technology that can 
achieve optical detection and adsorptively removal of lead ions simultaneously in a 




Anthropogenic activities have generated large amounts of industrial and domestic 
wastes that may contain pollutants with detrimental and even lethal effects to the 
environment and human beings. Lead pollution in water or wastewater for example 
has been one of the problems that cause a great concern to the living lives (Dias et al. 
2005). Lead-containing pollutants are often introduced into the environment through 
the effluents discharged from industries such as electroplating, metal furnishing and 
mining. It is well known that lead ions could not be degrade into harmless end 
products during the metabolic pathway in the environment. It can accumulate in 
human body and may cause dysfunction of the kidneys, liver, brain and central 
nervous systems (Eiden et al. 1980; Jin and Bai 2002). Therefore, it is essential to 
develop high-performance technologies that can effectively warn the presence of lead 
ions in as well as remove them from the contaminated water. 
 
Heavy metal sensing technology has attracted considerable attention in recent years. 
Among the many sensing techniques, optical sensor that provides instant visual 
indication is considered as one of the most advantageous methods because of its 
simple and instant on-site naked-eye recognition with less labor demands and lower 
cost, comparing with other methods such as atomic absorption spectrometry, 
fluorescent sensors and electrochemical techniques (Chatterjee et al. 2002; Hashem 
2002; Yaman and Dilgin 2002). In order to make optical sensors more applicable, the 
chromophore indicators (e.g., indicator dyes) are usually immobilized on or entrapped 
into a suitable solid matrix (Che et al. 2003; Choi et al. 2006). Porous membrane 
could also be an ideal pedestal for carrying chromophore receptors as it provides a 
robust, open and tunable scaffold for the indicators.  
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In this study, a novel multifunctional membrane was designed to achieve visual 
detection and adsorptive removal of heavy metal ions, with a particular interest in lead 
ions. A lead-sensitive optical ligand, dithizone (DZ), was immobilized onto the 
chitosan (CS)/cellulose acetate (CA) blend membrane through a simple solution 
reaction. The prepared membrane was tested for its optical response as well as 
adsorption behavior towards lead ions. Unlike other developments that focused either 
on adsorbing or sensing heavy metal ions, the membrane obtained in this work can 
achieve both functions in a single membrane system. To the best of our knowledge, 
this is the first kind of multifunctional membrane prepared for on-site naked-eye 
detection and adsorptive removal of lead ions in aqueous solutions. 
 
3.2 Materials and methods 
3.2.1 Materials 
CS flakes (85% deacetylated) were supplied by Sigma-Aldrich. CA, with acetyl 
content of 40%, was purchased from Fluka. Formic acid (98-100%) from Fluka was 
used as the co-solvent for both the CS and CA polymers. NaOH solution (2 wt.%) was 
used as the nonsolvent to coagulate the CS/CA blend membrane. DZ (>85%), from 
Sanland-Chem International Inc., was used as the optical indicator for lead ions. 
Ethanol (>99.9%) from Merck was used for the immobilization of DZ onto CS/CA 
blend membrane. Pb(NO3)2 standard solutions (1000 mg/L) from Merck was used in 
the adsorption experiments. Deionized (DI) water was used to prepare all test 
solutions as needed. 
 
3.2.2 Preparation of porous CS/CA blend membrane 
The general method for the preparation of CS/CA blend membrane was the same as 
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described elsewhere (Liu and Bai 2006a). In this study, the composition of CS/CA/FA 
was 2/16/82 by weight. CS and CA blend solution was prepared by stirring CS and 
CA together in formic acid (FA) at 200 rounds per minute (rpm) overnight at room 
temperature. The resulted homogenously blended solution was then degassed by a 
centrifuge at 8000rpm for 30min to free the air bubbles entrapped in the dope solution. 
The membrane was prepared by phase inversion in a wet process. The degassed 
solution was spread with an applicator (0.6mm slot) on a glass plate. The glass plate 
was subsequently immersed into a coagulation bath (2% NaOH solution). After 
peeling from the glass plate, the membrane was washed thoroughly with DI water, 
then dried and stored in a vacuum desiccator at room temperature (22-23℃) prior to 
further use for characterizations or performance tests.  
 
3.2.3 Immobilization of DZ on CS/CA membrane 
0.1g DZ was firstly dissolved in 50mL ethanol (>99.9%) in a flask. Then, 2g dry 
CS/CA membrane pieces were added into the solution. The mixture in the flask was 
stirred at room temperature for 30min, followed by a gentle evaporation of ethanol 
with a rotavapor (BUCHI Rotavapor R-210) at 40℃. The prepared membrane was 
finally washed thoroughly with DI water until no elution of DZ was detected by 
UV/Vis spectrometer. The membrane was then vacuum-dried at room temperature 
and stored in a vacuum desiccators for further uses. The obtained membrane is 
denoted as CS/CA-DZ in this thesis.  
 
3.2.4 Experiments for chromatic response of the membranes in detection of lead 
ions in solutions  
The tests were first done for lead solutions with different initial pH values. Lead 
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solutions with an initial concentration of 5mg/L were prepared by diluting the 
1000mg/L standard lead solution with DI water and then adjusted to pH values in the 
range of 2 to 11 with dilute HCl or NaOH solutions. Membrane, cut into pieces, with 
a weight of around 0.06g, was added into a 50mL flask containing 20mL of a lead 
solution at a specific initial pH value. The contents in the flasks were shaken in an 
orbital shaker at 150rpm under room temperature for 20min. The membrane pieces 
were then taken out from the flasks, rinsed with DI water and used for the color 
assessments. 
 
Next, the response time of the prepared functional membrane in the color change at 
different contact times was investigated. Pieces of the membrane with a weight of 
0.06g were added respectively into each of the lead solution samples (initial 
concentration 5mg/L, solution volume 20mL, initial pH value 5, 22-23℃) with 
continuous shaking at 150rpm for different reaction times. Membrane samples at 
various reaction contact times were taken out for the color assessments.  
 
The chromatic response of the functional membrane to lead solutions with different 
concentrations was also examined. The experiments were similarly conducted as 
above but at a different initial lead concentration ranging from 0 to 200mg/L with a 
contact time of 10min (initial pH value 5, 22-23℃).  
 
3.2.5 Lead adsorption experiments 
Adsorption kinetic study was carried out to characterize the uptake rates of lead ions 
and also the time to approach adsorption equilibrium. The experiments were 
conducted by adding 0.2g membrane pieces to 200mL lead solution with the initial 
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concentration of 10mg/L, at initial pH value 5 (22-23℃). The mixture was shaken on 
an orbit shaker at 150rpm for up to 600min. A 10mL amount of the solution was 
taken at each desired time interval, filtered through a 0.45µm Waterman membrane 
filter and then analyzed with an Inductively Coupled Plasma-Optical Emission 
Spectrometer (ICP-OES, Perkin Elmer Optima 3000DV) for determining the lead 
concentrations. The adsorbed amount of lead on the membrane at time ti, q(ti) (mg/g), 
was calculated from the mass balance equation as: 






11 )()(                         Eq. 3.1     
where Ct0 (=C0) is the initial lead concentration, Cti (mg/L) is the lead concentration 
at time ti,; Vti(L) is the volume of the solution at time ti, and m(g) is the dry weight of 
the membrane pieces added.  
 
Adsorption isotherm study was conducted to illustrate the adsorbed lead amounts 
versus the metal concentrations in the solutions. The experiments were conducted by 
adding about 0.06g membrane pieces to a number of 50mL flasks containing 20mL 
lead solution with different initial concentrations (in the range of 0-200mg/L) at initial 
pH value 5, 22-23℃. The contents in the flasks were shaken on an orbital shaker at 
150rpm for a contact time of 300min (above the adsorption equilibrium time of about 
200min). As predicted by the MINEQL+ software analysis, no lead precipitation 
would occur under the experimental conditions. The adsorbed amount at adsorption 





=                                       Eq. 3.2 
where C0 (mg/L) and Ce (mg/L) are the initial and final lead ion concentrations in the 
solution in each flask, respectively, V(L) is the volume of the solution in each flask, 
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and m(g) is the dry weight of the membrane pieces added. For comparison, the same 
type of experiment was conducted with the CS/CA base membrane. 
 
3.2.6 Experiments on interference study 
The interference of other metal ions in the solution on the response and uptake of lead 
ions by the functional membrane was examined. The experiment was conducted by 
equilibrating the membrane pieces with solutions containing a fixed concentration of 
lead ions (1mg/L) at initial pH value 5, 22-23℃ with the presence of other metal ions, 
including K+, Na+, Ca2+, Mg2+, Cd(II), Zn2+ and Ni2+ individually at different 
concentrations.  
 
3.3 Results and discussion 
3.3.1 Mechanisms of DZ immobilization and DZ interaction with lead ions 
DZ has been reported as a spectrophotometric reagent for lead ions in the literatures 
(Deoliveira and Narayanaswamy 1992; Zaporozhets et al. 1999). It can change color 
in response to the interaction with lead ions in solutions. As reported, DZ can be 
immobilized onto different types of solid matrix such as silicas and Amberlite XAD-4 
resin through van der Waals force or H-bonding interactions (El-Safty et al. 2008a). 
However, the immobilization of DZ on chitosan based membrane for visual detection 
and adsorptive removal of lead ions was never reported. In this study, DZ was 
immobilized on CS/CA membrane through a simple solution reaction. The 
mechanism of DZ immobilization and the binding event of lead ions on the obtained 





























Fig. 3.1 Schematics showing the immobilization mechanism of DZ on CS/CA base 
membrane and the reaction with Pb(II) ions. 
 
 
3.3.2 Effect of initial solution pH 
The solution pH is usually an important parameter affecting the detection 
performance of heavy metal ions on sensitive materials, because it not only affects the 
form of metal species in solution but also influence the surface properties of the 
sensitive materials in terms of dissociation of functional groups and surface charges. 
Therefore, the influence of solution pH on the detection of lead ions with the prepared 
CS/CA-DZ membrane was investigated by emerging the membrane pieces in a 
solution containing 5mg/L lead at different initial pH values for a fixed time of 20min, 
As shown in Fig. 3.2, the results demonstrate that the CS/CA-DZ membrane exhibited 
obvious chromatic change when the initial solution pH was higher than 4, particularly 
in the initial pH range of 5-6. It is expected that the color change of the functional 
membrane at specific pH values depend on the feature of metal complex formation 
between lead ions and the DZ molecules on the membrane. The binding events of the 
nitrogen-containing DZ to lead ions may be optimum in the initial solution pH range 
of 5 to 6. In lower pH values, less Pb-DZ complex occurred due to the interaction of 
the protonated DZ molecules with positively charged lead ions (El-Safty et al. 2007b). 
However, with the increase of solution alkalinity (e.g., initial pH>10), the membrane 
showed lighter color than those were at initial pH value 5-6. This can be attributed to 
 the formation of Pb(OH)2
free lead ions that can interact with the DZ molecules. 
                   
                    Blank     pH2     
Fig. 3.2 Chromatic change of CS/CA
pH values (22-23℃). 
 
 
3.3.3 Effect of contact time
The response time of the prepared lead sensitive membrane was tested by adding the 
membrane into 5mg/L lead solutions at 
evolution of the membrane color and the corresponding reflectance spectra of the 
membrane (measured with a UV/Vis spectrophotometer) are shown in Fig
results in Fig. 3.3(a) suggest that the CS/CA
change response (within 5min) when it contacted with the lead ion in solution. The 
UV/Vis spectra in Fig. 3.
λmax, from 490nm to 440nm with the increase of the contact time. Th
that an overall color change of the membrane surface from yellow to red
which is consistent with those observed from 
relatively sensitive detection of 
sophisticated instrument shows a great potential of the prepared membrane for 
practical and on-site application in water and wastewater treatment process. 
 
3.3.4 Effect of lead concentration
Fig. 3.4 shows the color-
490nm of the prepared CS/CA
concentrations. The results in Fig
 precipitate in the solution, which reduced the availability of 
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 would occur, 
 
 the lead ion concentrations 
490nm (A0-A) from the UV
found to increase with the increase of the lead ion concentrations from 0.01 to 5mg/L. 
Then, the saturation effect
than 10mg/L. These results indicate that the color change is related to the amount of 
lead ions adsorbed or interacted with the immobilized DZ probes on the membrane.
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Fig. 3.3 The kinetic response of CS/CA
solution at initial pH value
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Fig. 3.4 (a) Color change and (b) UV/Vis spectra of CS/CA-DZ in response to Pb(II) 
ions with concentration ranging from 0.1mg/L to 200mg/L at initial pH value 5, 22-23℃ 
(A and A0 are the absorption intensities of the CS/CA-DZ membranes at 490nm after 
and before reacting with Pb(II) ions). 
 
3.3.5 Adsorption kinetics of lead ions on the membrane 
Adsorption kinetic study was conducted to evaluate the uptake rate of lead ions on the 
prepared membrane. As shown in Fig. 3.5, the CS/CA-DZ membrane had both higher 
adsorption uptakes and shorter equilibrium time than the CS/CA base membrane. It is 
observed that lead ion uptake on the CS/CA-DZ membrane reached an adsorption 
equilibrium in around 100min with an adsorption amount up to 2.3mg/g in this case. 
In contrast, lead ion adsorption on the CS/CA base membrane underwent a slower 
process with a lower uptake amount (up to 0.5mg/g at around 300min). The enhanced 
performance of the CS/CA-DZ membrane can be attributed to the immobilized DZ 
probes that provide more functional groups (-NH2, -NH-, -N-) on the prepared 
membrane to serve as adsorption sites for lead ions, thus providing a higher 
adsorption capacity and shorter equilibrium time than those of the CS/CA base 
membrane.  





































Fig. 3.5 Kinetic adsorption results of lead ions on CS/CA and CS/CA-DZ membranes 
(C0=10mg/L, initial pH value 5; 22-23℃). Error bars are determined from three 
repeated tests, with errors<5%. 
 
3.3.6 Adsorption isotherms 
The experimental adsorption isotherm data of the CS/CA base and the prepared 
CS/CA-DZ membranes were obtained, as shown in Fig. 3.6. To well understand the 
adsorption behaviors, the Langmuir and Freundlich isotherm models are applied to fit 








=                                       Eq. 3.3  
where qe is the amount of adsorption uptake (mg/g) at adsorption equilibrium, qm is 
the maximum uptake capacity (mg/g), ce is the equilibrium concentration of lead ions 
in the solution (mg/L), and KL is the Langmuir adsorption constant (L/mg), reflecting 
the affinity of the absorbate for the absorbent. 
 
The Freundlich equation, which is an empirical equation used to describe 




=                                       Eq. 3.4 
where qe and ce have the same definitions as before and KF is the Freundlich constant 
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[(mg/g)(L/mg)1/n] which has a positive correlation with the adsorption capacity, and n 
is an empirical parameter, in general larger than 1. It will increase with the increasing 
degree of the heterogeneity.   
  
The fitting of the Langmuir and Freundlich models to the adsorption data is also 
included in Fig. 3.6. The corresponding fitting parameters for the Langmuir and 
Freundlich isotherm models are given in Table 3.1. From the results in Fig. 3.6 and 
the correlation coefficients (R2) in Table 3.1, it is found that the adsorption of Pb(II) 
ions on CS/CA and CS/CA-DZ membrane can be fitted by both Langmuir and 
Freundlich isotherm models, giving R2 values higher than 0.98. The qm value which 
represented the maximum adsorption capacity based on the Langmuir isotherm, was 
found higher for CS/CA-DZ than CS/CA base membrane. Meanwhile, the Langmuir 
constant (KL) was found lower for CS/CA-DZ membrane. The value of KL is related 
to the affinity of binding sites; a low value of KL indicated a high affinity towards the 
adsorbate (Guibal et al., 1999). The KL values in this study indicated that the CS/CA-
DZ membrane had higher affinity towards Pb(II) ions than the CS/CA base membrane.  
 
Based on the Freundlich isotherm, the adsorption capacity, KF obtained for CS/CA-
DZ membrane was higher than CS/CA base membrane. But, for both membranes the 
n values which represented the favorability of the adsorption were more than one, 
indicating that the adsorption intensity is good (or favorable) at high concentration. 
The parameter n is also related to the degree of surface heterogeneity. A higher n 
value indicates more heterogeneous surface whereas a value closer to or even one 
indicates the adsorbent has relatively more homogeneous binding sites (Chen et al., 
2007). The heterogeneity factor n for the CS/CA-DZ adsorption system is calculated 
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to be 1.65 which is greater than that for the CS/CA adsorption system (1.339). This 
could be attributed to the existence of more functional groups (-NH2, -NH-, -N-) on 
the CS/CA-DZ membrane from the immobilized DZ molecules, which could exhibit 
different binding energies for the adsorption. 
 
From the Langmuir model fitting, the maximum adsorption capacity of lead ions on 
the prepared CS/CA-DZ membrane is predicted to be about 25mg/g, much higher 
than about 13mg/g for the CS/CA base membrane. In other words, the 
functionalization of CS/CA for the visual detection of lead ions also significantly 
increased the adsorption capacity of the prepared membrane for lead ions. The higher 
adsorption capacity of lead ions on the prepared CS/CA-DZ membrane is also 
supported by the greater value of KF for CS/CA-DZ than that for CS/CA from the 
Freundlich model fitting analysis given in Table 3.1.  



















 Experimental data for CS/CA
 Experimental data for CS/CA-DZ
 Langmuir model fitting
 Freundlich model fitting
 
Fig. 3.6 Experimental adsorption isotherm data and the fitted results of the Langmuir 
and Freundlich isotherm models to the experimented data. Error bars are determined 






Table 3.1 Parameters of Langmuir and Freundlich isotherms for adsorption of Pb(II) 
ions on the membranes (CS/CA, CS/CA-DZ) at initial pH value 5, 22-23℃. 
 
Membranes                  Langmuir model                                 Freundlich model 
                          qm(mg/g)      KL(L/mg)       R2               n       KF(mg/g)(L/mg)1/n     R2 
CS/CA               12.9034      120.1239     0.9909         1.3385         0.2866             0.9877 
CS/CA-DZ        24.7104       111.9256     0.9869         1.651           0.702              0.9985 
 
3.3.7 Interference of other cations 
The interference of other cations on the detection of lead ions by CS/CA-DZ was 
investigated. An ion was considered as interference when its presence produced a 
different color change or resulted in a variation in the absorbance of the analytes at 
greater than 5% (Ensafi et al. 2008a; Ensafi et al. 2008b). Cations including Na+, K+, 
Ca2+, Mg2+, Zn2+, Ni2+ and Cd(II) were studied. The colormetric results are shown in 
Table 3.2. The experiment results indicate that species such as Na+, K+, Ca2+, Mg2+ 
had little influence on both detection and adsorption of lead ions (1mg/L) even when 
their concentrations were 20-fold higher than that of the lead ions. In other words, 
those cations do not have specific interactions with the functional groups on DZ and 
CS of the membrane. However, Ni2+, Zn2+ and Cd(II) cations were found to exert 
great interference on both detection and adsorption of lead ions. With these cations in 
presence, the membrane exhibited colors that were different from the one in the single 
lead ion system. Besides, adsorption of lead ions also decreased significantly. The 
reason was probably that those heavy metal cations could compete with Pb(II) ions to 
form complex with the DZ ligand and therefore interfered the recognition 
performance (Rinaudo 2006). However, a preliminary study has found that the 
influence could be mitigated by the addition of 2mmol/L Na2S2O3 in the analyst 
solution (Zaporozhets et al. 1999). This is probably because sodium thiosulfate could 
 form stable complexes with 
Besides, no obvious influence on the detection and remova
with the addition of 2mmol/L Na
complex with nitrogen containing chelating groups 
the membrane (Mahmoud et al. 2010)
 
Table 3.2 color response of 1mg/L 
solutions (initial pH value 
No.   Interfering      Con. of              Con. of           Addition of           
         cation [X]        Pb(II) (mg/L)      [X] (mg/L)     
1          -                      0                        0            
 
2          -                      1                        0                           0
 
3      Na+, K+,              1                       20                          0
        Ca2+, Mg2+ 
 
4      Cd2+                             1                        
 
5      Zn2+                             1                        1                            0                     
 
6      Ni2+                              1                        1              
 
7      Cd2+                            1                         1                            2              
 
8      Zn2+                            1                         1                            2
 
9      Ni2+                             1                         1                            2
 
3.3.8 Reusability of the prepared membrane
The reusability of the prepared CS/CA
study. EDTA (0.1%) has been found to be e
the saturated membrane. However, some influence of the stripping agent on the 
sensing functionality of the prepared membrane was noticed with gradually decreased 
sensitivity and delayed response
experiments. Experimental results showed that after three regeneration/reuse cycles, 
the absorbance intensity of the regenerated membrane at 490nm was reduced to 
those interfering cations (Van Sprang and Janssen
l of lead ions was found 
2S2O3 because lead ions are known to
that exist in both DZ and CS of 
. 
Pb(II) ions in presence of interfering cations in the 
5, 22-23℃). 
             Color   
Na2S2O3 (mg/L) 
               0 
 
 
1                            0 
 





-DZ membrane is also of the interest in this 
ffective for the removal of lead ions from 
-time during several cycles of regeneration 
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 2001). 
 prefer the 
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around 40% of the freshly made CS/CA-DZ membrane; besides, around 30% 
reduction in lead ions adsorption capacity was observed. Therefore, there is a need to 
screen the more suitable desorption or stripping agent to regenerate and reuse the 
membrane without losing its functionality.   
 
3.4 Conclusion  
In this study, a simple and low cost multifunctional membrane for visual detection and 
adsorptive removal of Pb(II) ions was prepared by immobilizing lead sensitive 
chromophore DZ onto the CS/CA blend membrane. The obtained CS/CA-DZ 
membrane was able to show optical color changes when in contact with lead ions in 
solutions with a short response time (less than 5min). Besides, the membrane also 
showed enhanced adsorption performance towards lead ions. The DZ functionalized 
CS/CA membrane achieved truly multiple functions, including on-site naked-eye 
detection and effective adsorptive removal of lead ions from aqueous solution 
simultaneously. Thus, the multifunctional membrane concept has been proved 
feasible and achievable, which has a great prospect in water and wastewater treatment 

















CHAPTER 4 SIMULTANEOUS DETECTION AND REMOVAL OF 
MERCURY IONS IN AQUEOUS SOLUTIONS BY TPPS FUNCTIONALIZED 






Simultaneously warning the existence of toxic substances and effectively removing 
them has a significant meaning in water safety and security. In this study, a 
multifunctional membrane was obtained by immobilizing an organic optical indicator 
(5, 10, 15, 20-tetraphenylporphine tetrasulfonic acid or TPPS in short) onto CS/CA 
membrane for visual detection and adsorptive removal of Hg(II) in aqueous solutions. 
The effects of various factors including the amount of immobilized indicator, solution 
pH, solution ionic strength, initial Hg(II) concentration and interference of other metal 
ions on the performance of the multifunctional membrane were investigated through a 
series of batch adsorption and filtration studies. The results showed that the optimum 
TPPS immobilization amount appeared at 1.0mg (TPPS)/g (dry membrane) and the 
resulted membrane exhibited good performance for  both detection and removal of 
Hg(II) in solutions with initial pH ranging from 5 to 8 and at ionic concentration up to 
0.05M (as added NaNO3). The interference study demonstrated that the membrane 
possessed good selectivity and sensitivity towards Hg(II) ions with the presence of 
other cations, especially alkali and alkaline earth metal ions, even in their relatively 
high concentrations. Besides, the used membrane was found to be effectively 
regenerated by 0.01M EDTA and could be reused without the significant loss of its 
functionality. The study has illustrated the potential prospect of the prepared 
multifunctional membrane for the simultaneously warning and removal of mercury 




Mercury contaminants have been a serious concern due to their high toxicity to living 
organisms, long persistence in the environment and frequent emission from various 
industrial sources (Li et al. 2010). Mercury may exist in the environment in different 
oxidation states, the most prevalent form of mercury contaminants in aquatic 
ecosystems is the soluble Hg(II) species. They are particularly toxic because they are 
highly reactive and can easily bind with cysteine proteins, therefore damage the living 
cells (Clarkson 1993). Besides, the biochemical conversion of Hg(II) would lead to a 
more toxic form-methylmercury (MeHg) that can be easily absorbed by the organisms, 
accumulate in their bodies and eventually magnify the toxicity to human beings 
through the food chain (Yan et al. 2011). Therefore, even present at very low 
concentrations in the environment, Hg(II) can cause great potential hazards to human 
beings. The USEPA has established the drinking water criterion for mercury at 2µg/L, 
and the permitted discharge limit of mercury in wastewater at 10µg/L (USEPA 2001). 
In the Europe, even more stringent limits have been set by the European Union at 1 
and 5µg/L in drinking water and wastewater effluent, respectively (Ghodbane and 
Hamdaoui 2008).  
 
One of the major sources of mercury pollution is the effluents from industries, such as 
chloralkali, mining, oil refining, electrical device manufacturing, rubber processing, 
where mercury concentrations have been reported in the range of 10-100mg/L 
(Zambrano et al. 2004). Improper effluent discharge, insufficient treatment and poor 
management of those wastewaters can lead to elevated mercury occurrence in natural 
waters. For example, the Great Lakes in North America, the Swedish forest lakes, the 
Mediterranean Sea and the North Sea are all found with some extents of mercury 
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pollution (Coquery and Cossa 1995; Dove et al. 2011; Kotnik et al. 2007; Lindstrom 
2001). In addition, it has been reported that in some areas of the Delta water in 
California, the total concentration of mercury in various forms ever reached a 
thrillingly high level of 448pmol/L (89.8µg/L) (Conaway et al. 2008). Therefore, to 
minimize the impact to the environmental as well as the public health, it is of 
paramount importance to seek technologies that can instantly detect and effectively 
remove mercury contaminants from water in water supply or wastewater discharge.  
 
In the previous chapter, we have developed a multifunctional membrane by 
immobilizing optical indicator dithizone onto a chitosan/cellulose acetate (CS/CA) 
blend membrane for the detection and removal of Pb(II) ions in aqueous solutions, 
(Zhang and Bai 2011). The previous study has demonstrated the feasibility and 
effectiveness of the multifunctional membrane concept. In the present study, the this 
concept was extended to the application on Hg(II) detection and removal, with a 
special focus on the effect of various preparation and experimental parameters on the 
performance of the membrane.  
 
A commercially available organic optical indicator, 5, 10, 15, 20-tetraphenylporphine 
tetrasulfonic acid, denoted as TPPS, which has been known to show high sensitivity 
and selectivity towards Hg(II), was used in this study. TPPS can exhibit strong 
fluorescence in the visible light region of the electromagnetic spectrum, owing to the 
special conjugated double bond and the high mobility of its pi-electrons (El-Safty et al. 
2007b). When TPPS molecule is in contact with Hg(II), the formation of [Hg-TPPS]n+ 
complex occurs, resulting in a batch chromic shift of light absorption from 410 to 
450nm, which corresponds to a color change from pink to green in the light 
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reflectance spectrum (El-Safty et al. 2007b). The sulfonic acid groups on the central 
porphyrin structure of TPPS make it highly soluble in water and thus enable the 
possibility of TPPS being immobilized onto carrier materials via strong electrostatic 
interaction in an aqueous solution, leading to a stable sensor for the sensing assays of 
mercury ions (El-Safty 2009). Chitosan based adsorptive membrane provides an ideal 
platform for TPPS immobilization because chitosan has also been found to be an 
excellent adsorbent for anionic dyes containing sulfonic groups, attributed to the 
strong electrostatic attraction between the amine groups of chitosan and the sulfonate 
groups of the dyes (Sakkayawong et al. 2005). Upon the immobilization of TPPS on 
chitosan-based membranes, the remaining amine groups on chitosan and sulfonate 
groups on TPPS can contribute to the adsorptive capacity for mercury removal. 
Therefore, visual detection and adsorptive removal of mercury ions can be achieved 
simultaneously by a single membrane.   
 
Some experimental factors, including the reaction time, the amount of immobilized 
indicators, solution pH and ionic strength, initial Hg(II) concentration and the 
existence of interference ions, are considered to affect the visual detection and 
adsorptive removal performance of the prepared membrane towards Hg(II) ions. In 
this study, a series of experiments was conducted to examine the possible effect of 
various process parameters on both visual detection and adsorptive removal of Hg(II) 
ions. Adsorption and filtration experiments were carried out with synthetic Hg(II) 
water samples and real water samples dosed with Hg(II) ions, respectively. Since 
many adsorbents reported so far did not show desired performance at low mercury 
concentrations, such as fast adsorption kinetics and high uptake amounts (Choong and 
Park 2005), the present study has purposely focused on Hg(II) solutions with 
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relatively low concentrations. 
 
4.2 Materials and Methods 
4.2.1 Preparation of multifunctional membrane 
The base membrane was obtained from chitosan (CS) and cellulose acetate (CA) 
blend. The details on the materials and the general methods for the base membrane 
preparation can be found in Chapter 3. In this study, the specific ratio of CS: CA: FA 
in the cast solution was 2: 14: 84 by weight and the flat sheet membranes were cast 
using a motorized film applicator (K4340M10, Elcometer) with a casting thickness of 
600µm. The cast membranes were then solidified in a diluted NaOH (2 wt %) solution 
for 24h and then rinsed with ultrapure water for several times, followed by keeping 
them in plenty of ultrapure water for sufficiently long time (more than three days) 
before further use.  
 
The multifunctional membrane was prepared by immobilizing 5,10,15,20-
tetraphenylporphine tetrasulfonic acid (TPPS) as an indicator onto the CS/CA blend 
base membrane through a solution reaction. TPPS supplied by Sigma-Aldrich with a 
purity of ≥95% was dissolved in ultrapure water to make solutions with TPPS 
concentrations from 1mg/L to 10mg/L. The UV/Vis absorption intensity of the TPPS 
solution varied proportionally to its concentration, and hence a linear relationship was 
established between the concentration and the absorbance intensity of the solution at 
434nm. A certain amount of CS/CA membrane (cut into about 0.95cm2 disks) was 
placed into a TPPS solution at room temperature (22-23℃) and the reaction was 
allowed for a sufficient time of 24 hours. Then, the membrane disks were collected 
and washed thoroughly with ultrapure water in a flask for several rounds until no 
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obvious leaching of TPPS was observed in the washing elutes. The immobilized 
amount of TPPS on the membrane was quantified by mass balance from the 
concentration changes of TPPS in the reaction solution and in the washing elutes. 
Each batch used the membrane disks of a dry weight around 1g. TPPS concentrations 
in the solutions were determined from the UV/Vis absorption readings. TPPS 
immobilized CS/CA membrane generally showed a pink to red appearance, depending 
on the immobilized TPPS amounts. TPPS immobilized CS/CA membranes will be 
denoted as CS/CA-TPPS hereafter in this thesis. To get dried samples for analysis and 
adsorption study, the membranes were dried with a vacuum freeze drier (FreeZone 
2.5Plus Labconco).   
 
4.2.2 Performance evaluation through batch adsorption experiments 
The effect of various factors, including the amount of immobilized TPPS, initial Hg(II) 
concentration, interference metal ions, initial solution pH and ionic strength on the 
performance of the multifunctional membrane in Hg(II) detection and removal was 
evaluated through a series of batch adsorption experiments. For the consistency and 
convenience of the experiments, the investigation of Hg(II) detection and adsorptive 
removal was conducted together in the same batch adsorption process. In each 
experiment, a type of CS/CA-TPPS membrane (varied in the amount of TPPS 
immobilized) in the disk form, with a dry mass around 0.02g, was added into 100mL 
of a Hg(II) solution in a flask and was shaken at 120rpm for 300min under room 
temperature (22-23℃). The Hg(II) solutions with various concentrations were 
prepared by diluting mercury nitrate [Hg (NO3)2] standard solution (1000mg/L, 
Merck) in ultrapure water. A sample of 10mL solution was taken at each desired time 
interval during the adsorption process. Mercury concentrations in the solutions were 
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determined by Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-OES, 
Perkin Elmer Optima 3000DV) and Inductively Coupled Plasma-Mass spectroscopy 
(ICP-MS, Perkin Elmer ELAN6100) (for concentrations less than 50µg/L). Samples 
of the membrane disks were also taken out from the solution in the flask for the 
recording of color change with a digital camera (Panasonic LX-3) and the analysis of 
light absorbance change by a UV/Vis spectrometer (Jasco V-660) to evaluate their 
chromatic responses upon the exposure to Hg(II) ions at various extents. More 
specific information on the experimental conditions in each evaluation will be given 
later when the results are discussed. 
 
4.2.3 Performance evaluation through batch filtration experiments 
To simulate a more real membrane application process, the evaluation of the 
membrane performance was further carried out with a dead-end filtration system (Fig. 
4.1). The tested membrane (around 11.8cm2) was mounted in a filtration cell 
(Advantec UHP-43, Japan) coupled with a magnetic stirrer. The pressure drop across 
the membrane was controlled by a pressure regulator installed on a compressed N2 
gas cylinder and was maintained at 1 bar in all runs. The permeate samples were 
collected at various time intervals for the analysis of mercury concentration. Color 
changes or light absorbance change of the membrane before and after a filtration 
experiment were also recorded with a digital camera or analyzed with a UV/Vis 
spectrometer. 
 Fig. 4.1 Schematic of 
 
4.2.4 Other analyses 
The mechanical property of the wet membranes was evaluated through the 
measurement of the tensile strength at maximum load and elongation ratio at break. 
Tests were conducted with an Instron
with Bluehill (Instron) Ver. 2.5.391 software under the room temperature (22
and with a relative humidity of about 60%. 
sample was fixed vertically between two pairs of tweezers with 
the instrument. The membrane sample was then extended at a constant elongation rate 
of 10mm/min until it was
type of the membrane and the average value of the three measurements were taken to 
be the representative tensile strength and elongation rate for each type of the 
membranes.  
 
The water content of a membrane was measured as an indication of the membrane’s 
porosity. The determination was done by soaking a membrane in water for 24h. The 
membrane sample was then weighed after mopping the surface with a paper towel. 
Finally, the dry weight of the membrane sample was determined after placing it in a 
vacuum freeze drier (FreeZone 2.5Plus, Labconco) for 24h. The water content 
 
 
the unit used for filtration study 
-5542 (UK) Materials Testing Machine equipped 
A 10×70mm rectangular membrane 
a length of 30mm on 




percentage of the CS/CA base or CS/CA-TPPS multifunctional membrane is 









   Eq. 4.1 
where Wwet and Wdry are the wet and dry weights of the membrane sample, 
respectively.  
 
Pure water flux (PWF) measurements of the CS/CA and CS/CA-TPPS membranes 
were carried out in a dead end filtration set-up at room temperature (22-23℃). 
Pressure drop across the membrane was controlled by compressed N2 gas and 
maintained at 1 bar in all runs. When the flux stabilized, the permeate quantity (Q) 
was collected over a time interval of ∆T (20min in this study). Then, the PWF was 
calculated by Eq. 4.2 below:   
                    
PAT
QJ w ∆⋅⋅∆=     Eq. 4.2 
where Jw is the water flux (L/m2/h/bar), Q is the quantity of water permeated (L) 
during ∆T, ∆T is the sampling time (h), A is the membrane filtration area (m2), and ∆P 
is the pressure drop across the membrane (bar). Each type of membrane was tested 
three times and the average flux was reported in this thesis.  
 
Filtration experiments were also carried out to determine the molecular weight cut-off 
(MWCO) of the CS/CA base and CS/CA-TPPS multifunctional membranes. The feed 
solution consisted of polyethyleneglycol (PEG) purchased from Fluka with different 
molecular weights ranging from 200 to 35,000 in ultrapure water with a concentration 
at 1000mg/L. The experiment was conducted in the procedure as described in the 
literature (Nidal et al. 2007). 10mL PEG permeate was collected and its concentration 
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was analyzed by a TOC meter (Shimadzu TOC-VCPH). The MWCO of the 
membrane was taken to be the molecular weight of the PEG with the retention of 90%. 
 
The surface and cross-section morphologies of the membranes were examined with a 
Scanning Electron Microscope (SEM, JSM-5600LV). Membrane samples were first 
dried in a vacuum freeze drier (FreeZone 2.5Plus, Labconco) for 24h and then 
platinum-coated with a vacuum electric sputter coater (JEOL JFC-1300) before the 
SEM scanning. The membrane surface chemical composition was characterized by 
Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR/FTIR). 
The analysis was conducted with a Shimadzu H8400 spectrophotometer (Japan) 
coupled with an ATR accessory (KRS-5 crystal, 45°) and in the wave number range of 
600 to 4000cm-1.  
 
4.3 Results and Discussion 
4.3.1 Membrane characteristics  
The major physical properties of the CS/CA base membrane and CS/CA-TPPS 
functional membrane are given in Table 4.1. It appears clearly that the immobilization 
of TPPS indicators on CS/CA base membrane did not significantly alter the basic 
properties of the membrane. This is expected due to the mild reaction condition and it 
is also desired because the final membrane structure can be easily controlled by the 
selection of the base membrane structure. The typical surface and cross-section 
morphologies of the CS/CA and CS/CA-TPPS membranes are shown in Fig. 4.2. 
From the SEM image analysis, both CS/CA and CS/CA-TPPS membrane were found 
to be asymmetrical in the structure, with pore sizes ranging from about 0.01 on the top 
to 1µm on the bottom surface, respectively. Together with the result of PWF and 
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MWCO, the prepared membranes (CS/CA and CS/CA-TPPS) fall into the category of 
ultrafiltration membrane.  
 
Table 4.1 Characteristic property of CS/CA and CS/CA-TPPS membranes 
                           Membrane 
        Parameter 
    CS/CA  CS/CA-TPPS 
Tensile strength at maximum 
load 
 
   15.21 MPa  17.06 MPa  
% Elongation at break    10.11%  10.45%  
% Water content     77%  64%  
PWF (1 bar)    7.8-16.8 L/m2/h/bar  7.4-17.2 L/m2/h/bar  




         Top surface                     Bottom surface                     Cross-section 
   
(a) CS/CA base membrane 
   
(b) CS/CA-TPPS multifunctional membrane 
Fig. 4.2 SEM images showing the morphologies of CS/CA and CS/CA-TPPS 
membranes. 
 
The interaction mechanism of TPPS with chitosan in aqueous solutions has been 
reported in the literature (Synytsya et al. 2006). In this study, FTIR analysis was 
conducted to verify the immobilization of TPPS on CS/CA membrane. The FTIR 
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spectra of TPPS powder, CS/CA base membrane and CS/CA-TPPS multifunctional 
membrane are shown in Fig. 4.3. For TPPS powder, the peaks appeared at 739, 
795cm-1 and 1485 cm-1 can be assigned to the C-H and C=C bonds in the aromatic 
groups; while peaks at 1030 cm-1, 1114 cm-1 and 1225 cm-1 can be assigned to the 
asymmetric O=S=O stretching, symmetric O=S=O stretching, and S=O stretching 
vibrations of the sulfonate groups, respectively (Ismail et al. 2009; Xu et al. 2011). 
Peaks corresponding to the amine groups are indentified at around 1640 cm-1 and 
3340cm-1 for both TPPS and the CS/CA base membrane (Nalva 1997). After TPPS 
immobilization, three new peaks at 739, 795 and 1485cm-1 are observed for the 
CS/CA-TPPS membrane. These peaks are typically to represent the aromatic group in 
TPPS, which indicates a successful immobilization of TPPS onto CS/CA membrane.  

































Fig. 4.3 FTIR spectra of (a) TPPS powder; (b) CS/CA base membrane; (c) CS/CA-
TPPS multifunctional membrane. 
 
In order to investigate the stability of immobilized TPPS molecules on CS/CA 
membrane, leaching test was conducted by adding 0.02g CS/CA-TPPS membranes to 
100mL flasks, each containing ultrapure water but with initial pH being adjusted to a 
value in the range from 2 to 10. The contents in the flasks were shaken at 120rpm for 
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24h at room temperature (22-23℃). The concentrations of TPPS in the solutions were 
determined by the UV/Vis absorbance intensities at 434nm wavelength which is 
known to linearly change with TPPS concentrations (Tong et al. 1998). The results 
showed that only slight leaching of TPPS, up to 1.615%, was detected in the solution 
with initial pH value of 10 after 24h, but not in the solutions of other pH values. The 
tests indicated that the immobilized TPPS on the CS/CA membrane was of a chemical 
adsorption feature and was therefore reasonably stable.  
 
4.3.2 Optical response of CS/CA-TPPS membrane to Hg(II) ions in water  
Fig. 4.4 shows the color change and UV/Vis light absorbance spectrum variation of 
the CS/CA-TPPS membrane in contact with Hg(II) in aqueous solutions. As can be 
observed in Fig. 4.4(a), the CS/CA-TPPS membrane surface exhibited an obvious 
color change (pink to green) in response to the existence of Hg(II) in the solution, 
which can be easily noticed by the naked eye. Correspondingly, the UV/Vis light 
absorbance spectrum of the membrane in Fig. 4.4(b) was found to exhibit a 
bathchromic shift with increased peak intensities at 450nm, which corresponds to a 
color change from pink towards green (El-Safty 2009; Balaji 2006). The results in Fig. 
4.4 confirms that the CS/CA-TPPS membrane has the desired functionality of quick 
optical response towards the existence of Hg(II) ions in solutions and the color change 
can be directly observed by naked eyes (The developed color of the membrane was 
found to be stable for even more than one year when kept in the desiccators). With the 
increase of the contact time, the developed green color was intensified, which 




                     





Fig. 4.4 Response of CS/CA-TPPS membrane to Hg(II) ions in a solution with the 
contact time: (a) optical color change and (b) variation of UV/Vis light absorbance 
spectrum versus wavelength (TPPS immobilized amount 1.0mg/g, 0.02g membrane, 
100mL of solution, initial Hg(II) concentration 1mg/L, initial pH value 6, 22-23℃). 
 
4.3.3 Effect of TPPS immobilization amount on the performance of CS/CA-TPPS 
membrane  
It is expected that the amount of TPPS immobilized on CS/CA membrane would 
affect the adsorption and the optical response of CS/CA-TPPS membrane to Hg(II) 
ions in a solution. The performance of CS/CA-TPPS membranes with different 
immobilized TPPS amounts was investigated. CS/CA base membrane disks were 
immersed into 100mL of TPPS solutions with different initial concentrations for 
300min. The amount of TPPS immobilized on the base membrane was determined 
from mass balance calculation. Table 4.2 shows five sets of CS/CA-TPPS membranes 
with different amount of TPPS immobilized in the experiments. The adsorption and 
color response behaviors of the membranes to Hg(II) in a solution were examined and 


















compared with those of the CS/CA base membrane.  
 
Table 4.2 Immobilized TPPS amounts on various CS/CA-TPPS multifunction 
membranes. 
Membrane type TPPS immobilization 
amount (mg/g) 
CS/CA                                                          
CS/CA-TPPS1 
0
                      0.5 
CS/CA-TPPS2                       1.0 
CS/CA-TPPS3                       3.2 
CS/CA-TPPS4                       5.7 
CS/CA-TPPS5                       8.3 
            
Fig. 4.5 shows the effect of TPPS immobilized amount on the chromatic response and 
adsorption performance of the membranes to Hg(II) ions. The chromatic response was 
recorded as the developed color changes and the variations of the UV/Vis light 
absorption intensity (in terms of A-A0) at 450nm with 300min of contact time. In Fig. 
4.5(a), it is observed that the CS/CA base membrane did not show any color change 
and the increase of TPPS immobilized amount on CS/CA membrane was found to 
suppress the chromatic sensitivity of the membrane towards Hg(II) ions, which can be 
further proved by the UV/Vis spectra in Fig. 4.5(b). It can be seen that the curves of 
A-A0 at 450nm versus time become less steep in the first 20min with the increased 
amount of immobilized TPPS, suggesting a higher insensitivity of the membrane 
color change towards the binding of Hg(II). This phenomenon may be due to the 
intensive array of TPPS molecules loaded on the membrane surface, which would 
shield the bond Hg(II) ions in the central porphyrin groups that are responsible for the 
optical sensory functions. In other words, very high TPPS immobilization amounts 
would lead to a high A0 value, exhibiting as an intensified initial color; even if Hg(II)-
TPPS binding events happened, the color change (quantified by A-A0) was difficult to 
be detected. However, it is not reasonable to conclude that the lower the TPPS 
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immobilization amount, the better the optical detection response. Although the 
CS/CA-TPPS1 membrane with least immobilized TPPS amount was noticed to show 
the quickest initial color response, its ultimate A-A0 value was unfortunately small, 
indicating lower potential for color changes upon the exposure to mercury. On the 
other hand, the Hg(II) adsorption uptake amount was found to increase with the 
increase of the immobilized TPPS amounts; as shown in Fig. 4.5(c). The improvement 
of Hg(II) adsorption on the membrane could be attribute to the formation of metal-
SO42- complexes between Hg(II) ions and SO42- groups in TPPS (e.g. [HgOH-SO4]- 
and [Hg(OH)2-SO4]2-) (Krishnan and Anirudhan 2008; Eren and Afsin 2008). As 
shown in Fig. 4.6, the immobilization of TPPS molecules on the membrane could 
introduce more functional groups (-NH-, -SO3-) that have affinity towards Hg(II), 
hence increase the adsorptive removal of Hg(II). In order to achieve a balanced 
performance in both high detection sensitivity and good adsorption capacity, an 
appropriate or optimum TPPS immobilization amount is desired. From the present 
experimental results, the CS/CA membrane with TPPS immobilized amount of 1.0 
mg/g, i.e., CS/CA-TPPS2, became a choice and hence it was used in further 

































                                     (b)                                                                        (c) 
Fig. 4.5 Performance of CS/CA-TPPS membranes with different amounts of TPPS 
immobilized in detection and adsorptive removal of Hg(II): (a) kinetic variation of 
color changes; (b) variation of UV/Vis light absorbance intensity (in terms of A-A0) at 
450nm; and (c) Hg(II) uptake amounts (initial Hg(II) concentration: 200µg/L, initial 
pH value 6, 22-23℃, 100mL of solution volume, 0.02g membrane; A and A0 are 
UV/Vis light absorbance intensity of the membrane at 450nm before and after in 
contact with Hg(II) ions in the solution). 
  





































































Fig. 4.6 Proposed detection (color change) and adsorption enhancement mechanism of 
Hg(II) by CS/CA-TPPS multifunctional membrane.  
 
4.3.4 Effect of the initial solution pH value on the performance of CS/CA-TPPS 
membrane  
Solution pH is often an important factor in an adsorption-based system as pH can 
affect the dissociation of functional groups, the conformational changes of molecular 
structure, stability of metal complexes and speciation of metal ions (Inbaraj et al. 
2009). In this study, the influence of the initial solution pH value on visual detection 
and adsorptive removal of Hg(II) by the CS/CA-TPPS membrane was investigated by 




 with initial pH from 4 to 8. According to the 
Hg(II) would be formed at the examined concentration (200µg/L) in this pH range.
The experimental results are presented in Fig. 
obvious membrane color change was observed within the studied pH range and the 
degree of color change enhanced with 
medium, the pi-electron conjugated double bound system of TPPS would be disrupted 
and the coordination interaction between the protonated porphyrin and metal cations 
would become weak. Hence the color change 
condition (Itoh et al. 197
was also improved with the increase of the solution pH value
This may be attributed to the 
sorption sites on the membrane 
membrane was suitable for on
surface waters that usually have a pH 
applications, pH adjustment can be done through pre
become too high or too low.
                                  Initial    pH4      pH5     pH6     pH7     
                                                                    
Fig. 4.7 Effect of initial solution pH on the performance of CS/CA
(a) Color change of the membrane after 20min contact time; (b) Hg(II) adsorption 
MINEQL+ analysis, no precipitation of 
4.7. From Fig. 4.7(a), it is clear that 
the increased initial solution pH. 
was less obvious at a lower pH 
5). The adsorption of Hg(II) on the CS/CA-TPPS membrane 
; as shown in Fig. 
less competition between metal ions and protons for the 
at a higher pH. The result indicates that the prepared 
-site detection and removal of Hg(II) ions in most of the 
from 6 to 8. For wastewater treatment 


































uptakes from solutions with initial pH ranging from 4 to 8 (22-23℃, initial Hg 
concentration 200µg/L, 100mL of solution volume, 0.02g membrane). 
 
4.3.5 Effect of ionic strength on the performance of CS/CA-TPPS membrane 
Water or wastewater usually contains a certain amount of ions. Similar to solution pH, 
solution ionic strength can affect membrane surface property and heavy metal ion 
speciation, and therefore, affect the function and performance of the developed 
CS/CA-TPPS membrane. The influence of ionic strength on the performance of the 
membrane was investigated by adding different amounts of NaNO3 into 200µg/L   
(10-6M) Hg(II) solution to make the ionic strength from 0 to 0.2M (NaNO3). The 
solution pH was adjusted to 6 and was monitored during the experiment (the variation 
of the solution pH was found less than 5%). The experimental results are shown in Fig. 
4.8. It can be found that both the detection sensitivity and Hg(II) uptake amount were 
not greatly affected when the solution ionic strength was below 0.05M of NaNO3. 
However, further increase of the ionic strength from 0.05 to 0.2M NaNO3 led to 
negative effects on both the detection and adsorption of Hg(II) ions. This is because at 
higher ionic strengths (high concentration of electrolyte ions, e.g. 0.2M NaNO3), 
especially when the analyte concentration is low (e.g. 10-6M Hg(II)), the adsorption 
sites on the membrane would be surrounded by the overwhelming electrolyte ions, 
which could weaken the binding force in electrostatic interaction, reduce the contact 
likelihood of as well as compete with Hg(II) ions to the adsorption sites on the 
membrane. Therefore, the effectiveness of the membrane for detection and removal of 
Hg(II) ions might be compromised in the solution with high ionic strength.   
 (a)                                                                            
Fig. 4.8 Effect of ionic strength on the performance of CS/CA
membrane: (a) variation 
membrane at 450nm and (b) adsorption 
Hg(II) ions in the solutions with different ionic strength ranging from 0 to 0.2M 
NaNO3 (initial pH value
Note: The photos in the insert of F
contact with the Hg(II) solutions
 
 
4.3.6 Influence of initial Hg(II) concentration on the performance of CS/CA
TPPS membrane 
 The chromatic changes of CS/CA
concentrations were recorded, with the results shown in Fig. 
allowing sufficient contact time, the membrane 
in Hg(II) solutions with concentrations as low as 10µg/L. The color response of t
membrane became faster and more obvious with the increase of the initial mercury 
concentration. In the solutions with Hg(II) at 1mg/L and above, the color change 
could be instantaneously
Hg(II) concentrations on the adsorptive removal of Hg(II) was also examined, with 
the results given in Table 
with the increase of Hg(II) initial concentrations. For the
initial concentration of 
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-TPPS membrane under different initial Hg(
4.9. It is found that by 
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 observed by the naked eyes. The influence of the initial 
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10µg/L, after adsorption for 300min, the residual 
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concentration was lower than 5µg/L which is below the permitted discharge limit of 
wastewater established by the USEPA and European environmental regulations.  







Fig. 4.9 Color change of CS/CA-TPPS multifunctional membrane in Hg(II) solutions 
with different initial Hg(II) ion concentrations (initial pH value 6, 22-23℃, 100mL of 
solution volume, 0.02g membrane).  
 
 
Table 4.3 Effect of initial Hg(II) concentrations on the adsorption amount of Hg(II) on 
the membrane (mg/g) and the residual Hg(II) concentration in the solution (initial pH 
value 6, 22-23℃, 100mL of solution volume, 0.02g membrane, contact time 300min).  
Initial                                    Adsorption                           Residual 
concentration (mg/L)       amount (mg/g)               concentration (mg/L)           
0.01                                    0.0287      0.0041 
0.1                                      0.2903                                     0.0417 
1                                         2.6338  0.46 
5                                         12.986  2.38 
10                                       23.2421  5.35 
15                                       33.655  8.27 
20                                       41.678  11.64 
25                                       47.95  15.51 
30                                       52.8  19.63 
35                                       61.092  22.98 




4.3.7 Interference of other metal ions on the performance of CS/CA-TPPS 
membrane 
In the real situation, the water to be treated usually contains various other ion species. 
It is of interest to know whether the existence of other metal ions would affect the 
detection and removal of Hg(II) ions by the developed CS/CA-TPPS multifunctional 
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membrane. The experiments were particularly conducted at a low Hg(II) 
concentration of 10-6mol/L (200µg/L), with other ions from the alkali, alkaline-earth 
and transition metal ions at relatively high concentrations (10-4mol/L). The metal ions 
examined include Na+, K+, Ca2+, Mg2+, Cu2+, Ni2+, Zn2+, Pb2+, Cd2+. Controlled 
experiments were also conducted to investigate whether these ions may have any 
independent effects on the chromatic response and affinity to the membrane. It has 
been found that the interferences of alkali and alkaline earth metals were minor, with 
the variation of A-A0 values at 450nm to be less than 5% and the color changes to be 
so insignificant that cannot be noticed by the naked eyes; see Fig. 4.10 (a) and (b). In 
the controlled experiment with each single type of the cations, obvious signal 
responses of A-A0 at 450nm in the UV/Vis spectra was noticed from Pb2+, Cd2+, Zn2+ 
and Cu2+ ions; see the dark cyan bars in Fig. 4.10(b). It indicates that these heavy 
metal cations may also form metal-complex with TPPS. When these cations co-
existed with Hg(II) ions, the A-A0 values at 450nm were higher than that of in single 
Hg(II) solution, as shown by the orange bars in Fig. 4.10(b). This can be attributed to 
the co-adsorption of these cations with Hg(II) by TPPS on the membrane that 
amplified the final light absorbance intensity and intensified the observed color. 
Whereas, the co-existence of Cu2+ ions was found to diminish the developed color 
(Fig. 4.10(a)). It indicates that Cu2+ ions are more preferable to couple with central 
porphyrin groups of TPPS on the membrane when its concentration is much higher 
than Hg(II) ions. However, in general, our findings show that the selective detection 
of Hg(II) was evident even in the existence of high interference ion concentrations at 
as high as 100 times to Hg(II) ion concentration.  
  
 Initial      Hg       Hg+Na   Hg+K     Hg+Ca   Hg+Mg   Hg+Cu   Hg+Ni    Hg+Zn   Hg+Pb    Hg+Cd
 
(b)                                                             
Fig. 4.10 Effect of interference 
membrane: (a) the developed color; (b) 
terms of A-A0) at 450nm afte
Hg(II) adsorption uptakes 




The interference of other
membrane was also investigated, with 
that Hg(II) adsorption amount decreased with the presence of Pb
Cu2+ ions. Since it has been reported that chitosan has affinity towards many heavy 
metal ions (Krajewska 2001), the reduction of Hg(II) adsorption in this case 
expected due to the competitive adsorption exerted by these heavy metal ions. As both 
TPPS and chitosan have 
co-existence of Na+, K+
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evaluate its performance in the desorption and re-adsorption cycles. Ethylenediamine 
tetra-acetic acid (EDTA) is a commonly used desorbing agent for metal ions. In this 
study, 200mL of 0.01M EDTA solution was used to strip Hg(II) from the membrane 
(0.02g) until the UV/Vis light absorbance intensity of the used membrane at 450nm 
reached the same value as the initial membrane. The membrane was then rinsed 
thoroughly with and conditioned in ultrapure water before reused in the next 
adsorption round. Chromatic changes of the membrane were monitored by a UV/Vis 
spectrometer in terms of light absorbance intensity in each desorption and adsorption 
cycle.  
 
Fig. 4.11(a) shows the adsorption uptakes of the CS/CA-TPPS membrane in four 
consecutive rounds. The results suggest that the membrane can be reused after 
regenerated by the EDTA solution without deterioration of the adsorption capacity 
during the four rounds of adsorption/desorption cycles. Despite the regeneration 
resulted in a 50% reduction of the light absorbance intensity at 450nm after the first 
desorption, the color changes were still obvious for the naked eye detection and 
stabilized after the first cycle; as shown in Fig. 4.11(b). The decrease of the light 
absorbance intensity after the first cycle may be attributed to the intensive stripping 
effect of the EDTA agent on the TPPS functional groups on the membrane during the 
desorption process, in which the electronic configuration of some TPPS molecules 
might deform, and this may eventually result in some loss of the optical signal (Sayari 
et al. 2005). However, deformation of TPPS molecules by EDTA was not found to 








                                  
     
(a) (b) 
 
Fig. 4.11 Results from the adsorption and desorption experiments: (a) mercury uptake 
amount and (b) changes in the light absorbance intensity and developed color in the 
adsorption and desorption cycles (initial pH value 6, 22-23℃, initial Hg concentration 
10mg/L, 0.02g membrane). 
 
4.3.9 Application to real water samples 
The CS/CA-TPPS membrane was also tested for its mercury detection and removal 
performance in a filtration process with various real water samples, including 
ultrapure water, reservoir water (MacRitchie Reservoir, Singapore), tap water (T-Lab 
in National University of Singapore), commercial bottled water (F&N, Singapore) and 
sea water (Labrador park beach, Singapore). No pre-treatment was done to remove 
any matrix component in the above water samples (Li et al. 2011). The main ions in 
the water samples were measured by ion chromatography and the results are given in 
Table 4.4. To simulate a Hg(II) contaminated water body, each water sample was 
“spiked” with mercury solution to make the concentration of 200µg/L. As shown in 
Fig. 4.12(a), the developed color of the membrane in reservoir water, tap water and 
commercial drinking water was almost the same as that in ultrapure water. However, 
no obvious color change was observed from the sea water sample, which may be due 
to the high ratio of background cations to Hg(II) ions (>105), which is consist with the 
result in the effect of ionic strength. This result suggests that the obtained CS/CA-
TPPS membrane has great potential to be applied for on-site and in situ detection of 


















































Hg(II) ions in most of the possible water treatment applications. The removal rates of 
the 200µg/L Hg(II) concentration in different water samples by the CS/CA-TPPS 
membrane within 4h were shown in Fig. 4.12(b). It can be seen that the average 
removal rates are from 40% to 50%. The relatively low removal of mercury in this 
study can be attributed to the large pore size of the membrane and the short hydraulic 
retention time. Higher removal rate can be achieved by several approaches such as 
increasing the hydraulic retention time, or making the membrane with smaller pores.  
 
Table 4.4 The concentrations of major dissolved components in the various real water 
samples 
                    Ultrapure water   Bottled water    Tap water      Reservoir water     Sea water                                                    
Con. (mg/L)                            
 Na+                     0.01                     22                 14.39                   1.52                 11210 
 K+                       --                         2                     4.51                   0.57                  250 
 Mg2+                   --                         7                     0.51                   0.13                  590 
 Ca2+                   0.1                        34                 13.44                   1.03                  210   
 Cl-                      0.15                      3                   19.64                 19.64                 20010 
 NO3-                   --                          --                  24.7                     0.2                    50 
 PO43-                 0.1                         --                  61.72                   7.04                  180 



































Fig. 4.12 (a) Color change of 
Hg (II) from the various simulated Hg(II) 





In this study, CS/CA-TPPS
detection and adsorptive removal of mercury ions
influences of preparation and experimental factors on the performance of the 
membrane were investigated. The results demonstrated that the obtained membrane 
can be applied in solution with 
the immobilized TPPS indicators
(dry CS/CA membrane) 
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influence on the performance of the membrane when the solution ionic strength was 
below 0.05M (NaNO3), but very high ionic strength may have negative effect on both 
detection and adsorption performance. The interference study showed that the 
membrane possessed good selectivity towards mercury ion in the presence of alkali 
and alkaline earth metal ions. However, the existence of a large amount of Cu2+ ions 
would impose negative effect on both detection and adsorption of Hg(II) ions. In 
general, the prepared CS/CA-TPPS multifunctional membrane showed good 
performance of simultaneous visual detection/warning and adsorptive removal of 
mercury ions in aqueous solutions. It has a great potential prospect in water and 
wastewater treatment process, especially for the remote areas where there is a lack of 


























CHAPTER 5 THE EFFECT OF HUMIC ACID ON THE DETECTION AND 








In the previous study, a multifunctional membrane for mercury detection and removal 
has been developed by immobilizing tetraphenylporphine tetrasulfonic acid (TPPS), 
onto chitosan/cellulose acetate (CS/CA) membrane. The resulting CS/CA-TPPS 
membrane can achieve filtration, adsorption and visual detection of mercury ions 
simultaneously.  The influence of factors such as TPPS immobilized amount, solution 
pH and ionic strength on the performance of membrane was revealed. Besides, the 
interference of other metal ions was also studied in terms of the sensitivity, selectivity 
and uptake amount of mercury ions.  
 
In realistic situation, the matrix composition of environmental water samples is highly 
variable. The dissolved organic matters (DOM), especially humic acid (HA), are 
suspected to affect the performance of the membrane. In this study, we investigated 
the removal of Hg(II) and humic acid (HA) by the CS/CA-TPPS membrane, with a 
special focus on the effect of HA on the removal efficiency and visual detection 
sensitivity of Hg(II) ions in solutions. Experiments were conducted in three phases, 
i.e., batch adsorption and filtration of individual Hg(II) and HA solutions; sequential 
adsorption and filtration tests of Hg(II) and HA solutions; and co-adsorption and co-
filtration of solutions with both Hg (II) and HA. The results showed that the visual 
detection sensitivity of the membrane towards Hg(II) ions may be reduced with the 
presence of HA, especially at high concentrations. The previously adsorbed or filtered 
HA on the membrane surface was found to improve the removal of Hg(II) by 
providing more adsorption sites. When HA co-existed with Hg(II) in the solutions, the 
removal of Hg(II) by the membrane was reduced due to the formation of less 
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adsorptive complex HA-Hg(II). However, in the filtration test, the removal rates of 
Hg(II) were found to be significantly improved with the presence of HA in the feed 
solutions, and the removal mechanism was greatly attributed to the size exclusion or 
interception rather than adsorption. The results in this study suggested that the 
prepared multifunctional membrane were effective for both Hg(II) and HA removal. 
Although the presence of HA may improve Hg(II) removal in most examined phases, 
the visual detection of Hg(II) was injured in terms of delayed response time and 
decreased degree of final developed color. Therefore, the effect of HA should be taken 





The presence of mercury in surface waters has been a concern in many parts of the 
world because mercury is a neurotoxin that could bio-accumulate in organisms and 
eventually affect human health adversely. In regions with soils of high organic matter 
content, such as the Sacramento-San Joaquin Delta (Delta) in California, USA, 
elevated Hg concentration in surface water is an ongoing issue that challenges the 
State’s intention for ecosystem restoration (Conaway et al. 2008; Henneberry et al. 
2011). In the previous chapter, simultaneous visual detection and adsorptive removal 
of mercury ions was successfully achieved by immobilizing an optical indicator, 5, 10, 
15, 20-tetraphenylporphine tetrasulfonic acid (TPPS), onto chitosan/cellulose acetate 
(CS/CA) blend membrane. The membrane, denoted as CS/CA-TPPS, is able to 
perform filtration separation, plus adsorptive removal and visual detection of mercury 
ions in aqueous solutions, simultaneously in a single membrane process. The 
development showed a great potential for practical applications in on-site and in-situ 
control of mercury contamination, especially for remote locations where the 
sophisticated analysis instruments and treatment systems are not available.  
 
Many studies have shown that the properties of heavy metal ions in surface waters are 
strongly associated with dissolved organic matters (DOM) (Lamborg et al. 2003; 
Schuster et al. 2008). An important part of DOM in surface waters is humic acid (HA) 
that mainly come from the breakdown and biodegradation of dead or decaying plant 
and animal matters during the process of humidification by microorganisms (Liu and 
Gonzalez 1999). Especially in systems with high concentration of DOM such as 
wetlands and other peat derived water bodies, HA plays a significant role in the 
solubility and transport phenomenon of heavy metal ions (Davies et al. 1995; 
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Stevenson 1982). HA usually consists of macromolecules that contain conjugated 
olefinic, aromatic, phenolic; semiquinone or quinone structures, with various 
functional groups such as carboxyl, phenolic and amine groups that enable HA to 
easily complex with heavy metal ions in solutions. Among all the heavy metal ions, 
Hg(II) has been reported to be the most easily complexed species by HA (Benegas et 
al. 2003; Liu and Gonzalez 1999; Oshea and Mancy 1978; van den Hoop et al. 2002). 
 
The ubiquitous presence of HA in surface waters has caused many water quality 
concerns. It could serve as the food for bacterial growth, produce undesirable color 
and taste, and act as a vehicle trapping heavy metal ions, thus increasing their 
concentrations in water supply. In addition, it is also well known that HA can be the 
principal precursor of halogenated disinfection byproducts (DBP), such as 
trihalomethanes (THMs) and haloacetic acids (HAAs) that are potentially 
carcinogenic to humans (Lorenc-Grabowska and Gryglewicz 2005; Nie et al. 2010; 
Rostad 2000; Wang et al. 2008; Xue et al. 2011).  
 
Adsorption has been one of the technologies commonly used for HA removal (Nayak 
et al. 1990; Varadachari et al. 1991; Varadachari et al. 1995; Varadachari et al. 1994). 
For example, biopolymer chitosan has been reported as an effective absorbent for HA 
because the amine groups in chitosan could interact with the carboxyl or phenolic 
groups in HA to form organic complexes such as –NH3+…-OOC-R or –NH3+…-O-
C6H4-R (Zhang and Bai 2003). It has also been reported that HA was able to form 
supramolecular complexes with compounds containing porphyrin structures such as 
TPPS, via oxidative coupling (Piccolo et al. 2005; Fukushima et al. 2007). Therefore, 
the CS/CA-TPPS multifunctional membrane can also be expected to adsorptively 
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remove HA. In this study, we investigated the removal of Hg(II) and HA by the 
multifunctional membrane (CS/CA-TPPS), with a special focus on the effect of HA 
on the detection effectiveness and removal efficiency of Hg(II) ions. Experiments 
were conducted in three phases:  
Phase I- Batch adsorption and filtration tests of individual Hg(II) and HA 
solutions; 
Phase II- Sequential adsorption and filtration tests of individual Hg(II) and HA 
solutions; and  
Phase III- Co-adsorption and co-filtration tests of solutions containing both 
Hg(II) and HA. 
These experiments may also provide an estimation of the contribution of adsorptive 
removal during the filtration operation of the Hg(II) and HA solutions by the 
membrane (Cari et al. 2000; Ognier et al. 2002). 
 
Literatures have shown that the mean values of HA in natural waters are at the level 
around 6mg/L (de Wuilloud et al. 2003; Michalowski et al. 2001) and the pH values 
of the waters are in the range of 6.5 to 8.5 (Michaud 1991; Moore 1989). A study by 
Lim and Bai demonstrated that the HA in surface waters of Singapore was in the 
range from 0.8 to 12.8mg/L and the pH is from 6.9 to 8.6 (Lim 2004). Taking all the 
above information into account, we carried out the experiments with the HA 
concentration in the range of 2 to 15mg/L and solution pH values in the range of 6.5 
to 8.5 in this work.  
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5.2 Methods and Materials 
5.2.1 Materials 
The detailed information on the materials and the method for the preparation of the 
CS/CA-TPPS multifunctional membrane can be found in Chapter 4. Mercury nitrate 
[Hg(NO3)2] standard solution (1000mg/L) purchased from Merck and humic acid (HA) 
(in sodium salt with C: 39.03%, H: 4.43% and N: 0.68%) supplied by Aldrich 
Chemical Co. were used as the sources of mercury ions and humic acid compounds in 
the study. Ultrapure water was used to prepare various test solutions as needed.   
 
5.2.2 Experiments 
5.2.2.1 Batch adsorption test 
Phase I: Individual adsorption of Hg (II) or HA by CS/CA-TPPS membrane 
A number of Hg (II) solutions with a volume of 100mL and an initial Hg(II) 
concentration of 800µg/L were prepared by diluting the 1000mg/L Hg (II) standard 
solution with ultrapure water. The initial pH values of the solutions were adjusted to 
6.5, 7.5, and 8.5 respectively with diluted HNO3 or NaOH solutions. Membrane 
samples in disk form of about 1.1cm diameter and a weight of 0.02g were added into 
each of the Hg(II) solutions with different initial pH values in the flasks. The contents 
in the flasks were shaken in an orbital shaker at 120rpm under room temperature (22-
23℃) for 300min. A 2mL amount of solution was taken from each of the flasks at 
various desired time intervals to determine the mercury concentration. Solution pH 
values in the flasks were monitored through the process and no significant changes 
were observed (<5%). Color changes of the membrane samples at a desired time 
interval were examined by taking out a membrane disk and recording its color by a 
digital camera (Panasonic LX-3) and its light absorbance by a UV/Vis spectrometer 
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(Jasco V-660). The membrane disk after the analysis was returned into the flask to 
maintain a constant mass of membrane in the experiments. The membrane samples 
after the Hg(II) adsorption (300min) are denoted as CS/CA-TPPS-Hg. The adsorption 
tests of HA by the membrane was done similarly at an initial HA concentration of 
15mg/L. The membrane samples after the HA adsorption tests are denoted as CS/CA-
TPPS-HA. Hg(II) concentrations in the solutions were determined by an Inductively 
Coupled Plasma-Optical Emission Spectrometer (ICP-OES, Perkin Elmer Optima 
3000DV). Humic acid concentrations in the samples were quantified by measuring the 
UV/Vis light absorbance at the wavelength of 400nm with an UV/Vis spectrometer 
(Jasco V-660). Since the light absorbance varied slightly with different initial solution 
pH values at this wavelength (Liu and Gonzalez 1999; Yan and Bai 2005), individual 
light absorbance calibration curves were prepared from solutions of known HA 
concentrations (in the range of 5–30 mg/L) with initial pH at 6.5, 7.5, and 8.5, 
respectively. The concentrations of HA in the solutions were then obtained from the 
calibration curve at each pH value.  
 
Phase II: Sequential adsorption of Hg(II) and HA by CS/CA-TPPS membrane 
CS/CA-TPPS-HA membrane samples obtained after HA adsorption tests at pH6.5, 
pH7.5 or pH8.5 were mopped with paper towel and then immersed into an Hg(II) 
solution at pH 6.5, pH7.5 or pH8.5 for further Hg(II) adsorption. Similarly, the 
CS/CA-TPPS-Hg membrane samples after Hg(II) adsorption tests at pH6.5, pH7.5 or 
pH8.5 were placed into an HA solution at pH6.5, pH7.5 or pH8.5 correspondingly for 
the further HA adsorption. The experimental conditions of the Hg(II) and HA 
solutions were the same as those described in the individual adsorption tests in Phase I.  
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Phase III: Co-adsorption of Hg(II) and HA in the same solutions by CS/CA-TPPS 
membrane 
Solutions containing Hg(II) at a concentration of  800µg/L and HA at a concentration 
of 2mg/L, 8mg/L or 15mg/L were prepared, with the initial pH values adjusted to 6.5, 
7.5 or 8.5, respectively. In order to ensure a sufficient equilibrium time between HA 
molecules and Hg(II) ions to form HA-Hg complexes, the solutions containing both 
Hg(II) and HA were stirred in flasks under room temperature (22-23℃) for 24h 
before conducting the adsorption tests with CS/CA-TPPS membranes. Membrane 
disks of a weight about 0.02g were then added into each of the solutions in the flasks. 
The contents in the flasks were shaken in an orbital shaker at 120rpm for 300min for 
the co-adsorption or competitive adsorption of Hg(II), HA and HA-Hg(II) complexes. 
The adsorbed amounts of Hg(II) and HA as well as the color change of the membrane 
were analyzed at various time intervals. 
 
5.2.2.2 Filtration tests 
The filtration tests of the membrane were carried out with a dead-end filtration system 
at 1 bar transmembrane pressure in all runs. The tested membrane sample of a 
diameter of 3.9cm was mounted in the same filtration apparatus as described in the 
previous chapter. Permeate samples were collected at various time intervals for the 
analysis of mercury, HA or both concentrations. The permeate flux of the membrane 
sample was determined from the collected mass of the permeate versus the filtration 
time. The color change of the membrane before and after a filtration test was also 
recorded in terms of the photos by a digital camera or light absorbance by a UV/Vis 
spectrometer. The filtration tests were also conducted in three phases.  
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Phase I: Individual Filtration 
The filtration tests were conducted for a Hg(II) solution (800µg/L) or a HA solution 
(15mg/L) at an initial pH6.5 for 150min.  
Phase II: Sequential filtration 
The filtration tests were conducted for a Hg(II) solution first (or a HA solution first) 
and then followed with a HA solution (or Hg(II) solution) in sequence.  
Phase III: Co-filtration 
The filtration tests were conducted with solutions containing both Hg(II) and HA. The 
preparation of solutions used in the filtration tests was the same as those used in the 
adsorption tests. All filtration tests were carried out for 150 min.  
 
5. 3 Result and discussion 
5.3.1Batch adsorption  
Phase I: Individual adsorption of Hg(II) or HA by CS/CA-TPPS membrane 
Fig. 5.1(a) shows the results of individual Hg(II) adsorption under different initial 
solution pH values. Obvious membrane color change from initially pink to final green 
was observed in the Hg(II) solutions from less than 5min contact time under all pH 
conditions; as shown in the inserted photos in Fig. 5.1(a). Hg(II) adsorption on the 
membrane is found to achieve greater uptake amounts at higher solution pH values, 
which is consisted with the results we obtain in Chapter 4. For individual adsorption 
of HA, changes in the membrane color were not detected by the naked eyes; as 
evidenced by the inserted photos in Fig. 5.1(b) under each pH condition. Besides, the 
adsorption uptakes of HA by CS/CA-TPPS membrane did not show a clear difference 
with the increase of solution initial pH value from 6.5 to 8.5; see Fig. 5.1(b). This may 
be due to the narrow pH range examined in this study (Yan and Bai, 2005). The final 
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uptake of Hg(II) on the membrane after 300min adsorption was in the range of 2-
3mg/g and that of HA was at around 2.2mg/g. The results of individual adsorption 
confirm that the CS/CA-TPPS membrane could adsorb both Hg(II) and HA species in 
the aqueous solutions, but only show color change as the response to the presence of 
Hg(II).   






















Hg adsorption on CS/CA-TPPS membrane





















HA adsorption on CS/CA-TPPS membrane
 
(a)                                                                         (b) 
 
Fig. 5.1 Results of individual (a) Hg(II) (800µg/L) and (b) HA (15mg/L) adsorption 
on CS/CA-TPPS membrane in solutions with initial pH from 6.5 to 8.5. (22-23℃, 
0.02g membrane and 100mL solution for each adsorption, inserted photos were 
obtained after the contact time of 5min for Hg(II) solution and 300min for HA 
solution). 
 






















Hg adsorption on CS/CA-TPPS-HA membrane























                                
(a)                                                                 (b) 
 
Fig. 5.2 Results of sequential adsorption. (a) Hg(II) (800µg/L) adsorption on CS/CA-
TPPS-HA membrane; and (b) HA (15mg/L) adsorption on CS/CA-TPPS-Hg 
membrane in solutions with initial pH from 6.5 to 8.5 (22-23℃, 0.02g membrane and 
100mL solution for each adsorption, the inserted picture was obtained after 30min of 
contact time). 
  
Initial pH6.5 pH7.5 pH8.5
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Phase II: sequential adsorption of Hg(II) and HA 
CS/CA-TPPS-HA membranes after HA adsorption were further used for the 
sequential adsorption of Hg(II). Fig. 5.2(a) shows the sequential adsorption results of 
Hg(II) on CS/CA-TPPS-HA membrane under different initial solution pH values. It 
was found that the optical response of CS/CA-TPPS-HA membrane towards Hg(II) 
became less sensitive as the obvious color change from pink to green was only 
observed after 30min of contact time (see the inserted photos in Fig. 5.2(a)). 
According to El-Safty (2009), the variations of the UV/Vis light absorption intensity 
difference (A-A0) of the surface at 450nm before and after contact with Hg(II) ions 
can be an indication to the extent of the formation of [Hg-TPPS]n+ complex and the 
degree of color change. As shown in Fig. 5.3, it has been found that the A-A0 curves 
of the CS/CA-TPPS-HA membranes at 450nm versus time were less steep than that of 
CS/CA-TPPS membranes. This suggests a reduced binding of Hg(II) ions with TPPS 
indicators on the CS/CA-TPPS multifunctional membrane, which led to a less 
significant color evolution in the process. 

























Fig. 5.3 Changes of developed membrane colors in terms of UV/Vis light absorbance 
intensity difference (A-A0) at 450nm (A0 and A are the light absorbance intensities of 




However, the mercury uptake amounts of the CS/CA-TPPS-HA membrane were 
higher than those of CS/CA-TPPS membrane (see Fig. 5.2(a) and in comparison with 
Fig. 5.1(a)). The adsorption kinetics of Hg(II) on both CS/CA-TPPS and CS/CA-
TPPS-HA membranes were found to be well fitted to a  pseudo second-order kinetic 










                                     Eq. 5.1 
where qe (mg/g) is the amount of the adsorbate adsorbed at adsorption equilibrium, qt 
(mg/g) is the amount of the adsorbate adsorbed at time t (min), and K (g·mg-1·min-1) is 
the rate constant of pseudo second-order kinetic model. 
 
From the experiment results, the rate constant K, qe and the regression coefficient R2 
were obtained; as given in Table 5.1. The results suggest that the adsorption of Hg(II) 
on both CS/CA-TPPS and CS/CA-TPPS-HA membranes was predominated by 
chemical interaction between the Hg(II) ions in the solution and the functional groups 
on the surface of the membranes (Ho and McKay 1999). The greater qe values of 
CS/CA-TPPS-HA than that of CS/CA-TPPS indicate that the previously adsorbed HA 
on the membrane surface provided more adsorption sites for the uptake of Hg(II) ions. 
Desorption of previously adsorbed humic acid during the sequential Hg(II) adsorption 
was not detected in the solutions.  
 
Table 5.1 Results of pseudo second-order kinetics model fitted to experiment data of 
Hg(II) adsorption on CS/CA-TPPS and CS/CA-TPPS-HA at different initial solution 
pH values. 
                                       CS/CA-TPPS                                         CS/CA-TPPS-HA                                                                         
                              K               qe                R2                         K                qe                 R2                                 
pH6.5                0.0026        2.9967         0.9839                     0.0025        4.3573        0.9884               
pH7.5                0.0207        2.8224         0.9927                     0.0057        3.9603        0.9887               
pH8.5                0.0109        3.391           0.996                       0.0061        4.3879        0.9992               
 














Hg desorption in HA solution
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Fig. 5.4 Desorption results of Hg(II) ions from CS/CA
sequential adsorption of HA. 
absorbance intensity (A’-
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indicates the desorption of Hg(II) ions from the CS/CA-TPPS-Hg membrane surface. 
The effect of pH on the sequential adsorption of Hg(II) or HA showed similar trends 
as in the individual adsorption of Hg(II) or HA. 
 
From the results in the sequential adsorption study, the sequence of adsorption 
affected the detection and adsorption performance of the CS/CA-TPPS functional 
membrane greatly. In the literature, HA is reported to be a good complex agent for 
Hg(II) ions (Gu et al. 2011; Lu and Jaffe 2001; Rocha et al. 2003; Wallschlager et al. 
1996; Zhai et al. 2010), and its binding with mercury ion can be through complexation 
with the carboxyl and/or phenolic groups in HA molecules (Wallschlager et al. 1996; 
Zhai et al. 2010; Yan and Bai 2005). Based on the study of Yan and Bai (2005), there 
are three possible ways that the previously adsorbed HA on the membrane may affect 
the detection and adsorption of Hg(II) in this study: (i) the previously adsorbed HA 
may take up the functional sites for the detection and adsorption of Hg(II) ions on the 
membrane surface, which could suppress both functions towards Hg(II); (ii) the 
attachment of HA onto the CS/CA-TPPS membrane surface did not consume the 
functional sites for the detection or adsorption of Hg(II), but may create a steric 
barrier that would hinder Hg(II) ions approaching to the available functional sites. In 
this case, the adsorption capacity will not decrease, but both the adsorption kinetics 
and detection response may be delayed; and (iii) the attached HA through either (i) or 
(ii) or both provided additional sites for mercury adsorption. Although the total 
amount of mercury adsorption may increase, the amount of Hg(II) available to TPPS 
indictors on the membrane surface can be decreased, and thus the detection response 
would be reduced. The above three mechanisms may function together in the 
adsorption process (Yan and Bai 2005). In this study, the delayed optical response 
 97 
time and the increased mercury adsorption uptake by the CS/CA-TPPS-HA membrane 
indicate that the mechanisms of (ii) and (iii) have most probably taken place. The 
mechanisms may be schematically shown in Fig. 5.5(a).  
 
On the other hand, the sequential adsorption of HA by the CS/CA-TPPS-Hg 
membrane showed decreased uptake amount and prolonged adsorption equilibrium 
time, which indicated that the previously adsorbed Hg(II) may influence the 
sequential HA adsorption by type (i) or (ii). The desorption of Hg(II) from CS/CA-
TPPS-Hg could be attribute to the stripping effect of HA during its sequential 
adsorption, where some weakly bonded Hg(II) might be taken off or replaced by HA 
molecules from the bulk solution (see Fig. 5.5(b)). Two possible adsorption structures 
for the adsorption of metal and organic compounds on solid surfaces have been 
proposed by Stumm (Stumm 1992). One is the S-Me-HA and the other is the S-HA-
Me, where S represents the adsorption site on the solid surface, Me is the adsorbed 
metal ion, and HA is humic acid. According to the experimental results, the S-HA-Me 
structure may be more stable than the S-Me-HA structure in this study.  
Pre-adsorption of HA




         
Pre-adsorption of Hg(II)







(a)                                                                        (b)                                                                        
 
 
Fig. 5.5 The proposed mechanisms of sequential adsorption of (a) Hg(II) and (b) HA 





Phase III: Co-adsorption 
In the real situation, HA may be more likely to co-exist with Hg (II) in surface water. 
This necessitates the investigation on the effect of co-existed HA on the adsorption 
and detection of Hg (II) ions by the CS/CA-TPPS membrane. Solutions containing 
both HA (15mg/L) and Hg (II) (800µg/L) at initial pH 6.5, 7.5 and 8.5 were tested. 
Fig. 5.6 shows the results of the adsorption behaviors for Hg(II) and HA in the mixed 
solutions. As can be found from the figure, the adsorption for both HA and Hg(II) 
were greatly reduced, particularly for Hg(II). No color change of the membrane 
surface was observed even after 300min of adsorption time (see Fig. 5.6(c)). In order 
to further investigate the effect of co-existed HA, experiments were conducted with 
solutions of the same Hg(II) concentration (800µg/L) while the HA concentrations 
were in the range of 2-15mg/L. As shown in Fig. 5.7, both visual detection and 
adsorption of Hg(II) was spoiled with the increases of the co-existed HA 
concentrations, which may be attributed to the formation of less-adsorbable HA-Hg(II) 
complexes (Lai and Chen 2001). The test solutions in this experiments were prepared 
24h before the addition of membrane samples and hence, the interaction between HA 
and Hg(II) to form HA-Hg(II) complexes was expected to be fully established before 
the commencement of adsorption by the membrane. With the increase of HA/Hg 
ratios, more Hg(II) may exist in the form of HA-Hg(II) complexes. As the HA-Hg(II) 
complexes were less affinitive towards the membrane, the adsorption of Hg(II) on the 
membrane was reduced. Besides, the excessive free HA molecules in the solutions 
may compete with the HA-Hg(II) complexes for adsorption sites, and the adsorbed 
HA may create steric hindrance and electrostatic repulsion, which could further 
reduce the adsorption of Hg(II) (Hong and Elimelech 1997; Nystrom et al. 1996; Yan 
and Bai 2005). 
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(a)                                                                    (b) 
        
 
 
          pH   6.5       7.5      8.5 
(c) 
Fig. 5.6 Result of co-adsorption of 800g/L Hg(II) and 15mg/L HA in the same 
solution. (a) Hg(II) adsorption (b) HA adsorption; (c) membrane color after adsorption 
300min (22-23℃, 100mL solution, initial pH6.5-8.5, 0.02g membrane). 
 
From the batch adsorption study, we found that the effect of HA on the detection and 
adsorption of Hg(II) ions showed the same trend within the examined pH range (6.5 
to 8.5) in all three phases. Previously adsorbed HA on the membrane can improve the 
adsorption of Hg(II) by providing additional adsorption sites to Hg(II).  However, the 
detection sensitivity of the membrane towards Hg(II) ions may be reduced by the 
previously adsorbed HA on the membrane surface. On the other hand, leaching of 
Hg(II) from the CS/CA-TPPS-Hg membrane was noticed during the subsequent 
adsorption of HA. In the co-adsorption study, co-existence of HA with Hg(II) in the 
solutions reduced both adsorption uptakes and the detection sensitivity towards Hg(II), 
perhaps due to the formation of less-adsorbable HA-Hg(II) complexes. The effect was 
found to become more significant with the increase of the HA/Hg(II) ratio.  
 
 
                                                    
                               
                             2mg/L HA                               
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Fig. 5.7 The color response and Hg(II) uptake amount 
membrane in Hg(II) and HA 
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filtration was very obvious (see Fig. 5.8(b)). For HA solution filtration, the removal 
rate of HA was at around 70%, slightly higher than that of Hg(II) (see Fig. 5.9(a)). 
Apart from adsorption removal, the membrane could also remove a portion of HA 
through size exclusion or the filtration mechanism. Besides, the attached HA on the 
membrane surface may further enhance the interception of the approaching HA in the 
feed solution, resulting in a cake layer on the membrane surface, as evidenced in Fig. 
5.9(b) (Cheremisinoff 2002). It has been reported that HA can cause severe fouling of 
the membranes at concentrations as low as 10mg/L (Nystrom et al. 1996). This 
phenomenon was very obvious in this experiment with HA concentration at 15mg/L 
as the permeate flux was found to drop by about 36% from 11.5L/m2·h in the 
beginning of the filtration to 7.4 L/m2·h after 150min of filtration. 
 
 
                                                                              
                                                                          
 
                                                                         
 
                                                                         CS/CA-TPPS initial color    CS/CA-TPPS after 
                                                                                                                                       Hg(II) filtration                                    
 
                             
(a)                                                             (b) 
Fig. 5.8 Result of Hg(II) solution filtration by CS/CA-TPPS membrane. (a) Removal 
rate of Hg(II) and (b) membrane color change after filtration of Hg(II) (22-23℃, 
initial Hg concentration 800µg/L, initial pH6.5, membrane area 11.8cm2, applied 
pressure 1 bar, filtration duration 150min, permeate flux 12.3L/m2·h). 
 
  































                                                                                     
 
                                                                                    
 
                                                                                   CS/CA-TPPS initial color    CS/CA-TPPS  after                                                          
                                                                                                                                              HA filtration                                  
 
(a)                                                     (b) 
Fig. 5.9 Result of HA solution filtration (a) Removal rate of HA and (b) membrane 
colors after filtration of HA by CS/CA-TPPS membrane (22-23℃, initial HA 
concentration 15mg/L, initial pH6.5, membrane area 11.8cm2, applied pressure 1 bar, 




Phase II: Sequential filtration of Hg(II) and HA solutions 
 
(i) Filtration of HA solution followed by Hg(II)solution  
 
The CS/CA-TPPS membrane after the filtration of 15mg/L HA solution as in Phase I 
was then used for the filtration of 800µg/L Hg(II) solution. The result on the removal 
rate of Hg(II) are shown in Fig. 5.10(a). It can be observed that the removal rate 
attained was as high as up to 95%, about 45% higher than that achieved in the 
filtration of individual Hg(II) solution. As suggested in the batch adsorption study, the 
HA adsorbed on the membrane surface during the HA solution filtration would 
provide more adsorption sites that allowed more Hg(II) ions to be removed. This 
effect can be further enhanced by the formation of the HA cake layer occurred before 
the filtration of the Hg(II) solutions, which greatly improved the removal of Hg(II), 
possibly due to HA providing more adsorption site for Hg(II) ions. Although the 
attached or retained HA on the membrane improved the removal of Hg(II), the 
detection sensitivity of the membrane to Hg(II) was reduced (see Fig. 5.10(b)) as no 
H A  d e p o s its
























 HA removal in individual filtration
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obvious color change can be observed. This may be attributed to the masking effect 
imposed by the adsorbed or retained HA cake layer on the membrane surface. As a 
large fraction of Hg(II) ions removal during the filtration may be attributed to the 
adsorption in the HA cake layer and only a small fraction in the feed can reach and be 
in contact with the TPPS indicators on the membrane surface, less TPPS-Hg(II) 
complexes would therefore be formed, which resulted in a reduced degree of color 





                                                              CS/CA-TPPS       CS/CA-TPPS-HA    CS/CA-TPPS-HA  
                                                                           initial color                                            after Hg filtration                              
 
 
                  
(a)                                                                   (b) 
Fig. 5.10 Filtration of Hg(II) solution by CS/CA-TPPS-HA membrane. (a) Removal 
rate of Hg(II) and (b) the membrane colors before and after sequential Hg solution 
filtration (22-23℃, initial Hg(II) concentration 800µg/L, initial pH6.5, membrane 
area 11.8cm2, applied pressure 1 bar, filtration duration 150min, permeate flux around 
7.3L/m2·h).                                          
 
 
(ii) Filtration of Hg(II) solution followed by HA solution  
The CS/CA-TPPS-Hg membrane obtained from the filtration of Hg(II) solution 
(800µg/L) was then used for the filtration of 15mg/L HA solution. The results 
obtained are shown in Fig. 5.11. The removal of HA was in the range of about 70 to 
80%, similar to that attained in the individual HA solution filtration test (see Fig. 
5.11(a) and Fig. 5.9(a)). According to the results in the batch adsorption study, the 
pre-adsorbed Hg(II) ions may reduce HA adsorption by consuming the adsorption 
sites available for HA on the membrane surface (Nakamura and Matsumoto 2006). 
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(a)                                                              (b)
Fig. 5.11 Filtration of HA solution by CS/CA
of HA and (b) the developed color after 
concentration 15mg/L, initial 
filtration duration 150min, permeate flux dropped continuously from around 
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 Fig. 5.12 Desorption of Hg(II) from CS/CA
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Phase III: Filtration of the solutions containing both Hg(II) and HA
Similar to the batch adsorption
and 800µg/L Hg(II) was prepared 24h before commencing the filtration experiments. 
The results on the removal
surface color before and after the filtration are 
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Fig. 5.13 Filtration of the solution containing 
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(22-23℃, initial pH6.5, membrane area 11.8cm2, applied pressure 1bar, filtration 
duration 150min, permeate flux continuously dropped from 11.2L/m2·h to 6.7L/m2·h). 
 
It can be found that the removal of Hg(II) appeared to be considerably high at more 
than 90% (Fig. 5.13 (a)), similar to those in the sequential filtration of Hg(II) solution 
by CS/CA-TPPS-HA membrane. Recalling the result in batch adsorption that the 
Hg(II) uptake in co-adsorption tests was low, it indicated a poorer affinity of the HA-
Hg(II) complex to the adsorption sites on the membrane surface. However, during 
filtration, other than the adsorption of Hg(II) or HA-Hg(II) complex, the removal of 
Hg(II) could also be achieved by the interception of the HA-Hg complexes, which 
was not relied on the availability of and the affinity to the adsorption sites on the 
membrane surface. The removal of HA in the filtration appeared to be in the same 
range as those in the individual and sequential HA solution filtration tests (see Fig. 
5.13 (b)). This further supports the assumption that the removal of HA during 
filtration was mainly attributed to the interception mechanism (Cheremisinoff 2002). 
 
The membrane surface before and after filtration of the Hg(II) and HA solution, as 
shown in Fig. 5.13(c), demonstrate a color change from pink to brown instead of 
green. This was mainly attributed to the deposit of HA or HA-Hg(II) complex on the 
membrane surface. The permeate flux of the membrane was found to continuously 
drop from initially 11.2L/m2·h to 6.7L/m2·h after 150min of filtration. In order to 
further investigate the effect of co-existed HA on the detection and removal of Hg(II), 
experiments were conducted with different HA/Hg(II) ratios. The results in Fig. 5.14 
show that the removal rates of HA and Hg(II) both increased with the increase of the 
HA/Hg(II) ratio, suggesting that more HA deposited on the membrane surface could 
further enhanced the removal rate of HA and Hg(II) during the filtration. However, 
 the visual detection sensitivity to Hg(II) was compromised at higher HA/Hg(II) ratios; 
see Fig. 5.14(c).  
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ratios. Removal rate of (a) Hg(II), (b) HA and (c) the membrane color changes before 
and after the filtration runs (22-23℃, initial Hg(II) concentration 800µg/L, initial HA 
concentration 2mg/L, 8mg/L and 15mg/L, respectively, initial pH6.5, membrane area 
11.8cm2, applied pressure 1 bar, filtration duration 150min).  
 
In summary, the results in the filtration experiments indicated that the presence of HA 
can also affect the performance of the CS/CA-TPPS membrane during the filtration 
operation. The visual detection sensitivity for Hg(II) was found deteriorated by the 
presence of HA under all examined filtration conditions. However, the removal of 
Hg(II) was improved when HA was pre-loaded on the membrane or co-existing with 
Hg(II) in the feed solutions. However, leaching of the pre-adsorbed Hg(II) ions from 
the membrane surface was observed during the sequential filtration of HA. The 
removal rates of HA were found in the same range in the three types of filtration tests, 
indicating that the removal of HA in the filtration was mainly through the interception 
mechanism.   
 
5.4 Conclusion 
In this study, the influence of HA on the detection sensitivity and removal efficiency 
of Hg(II) by a multifunctional membrane (CS/CA-TPPS) was examined under both 
batch adsorption and batch filtration conditions in three different phases. Generally, 
the presence of HA in solutions could improve Hg(II) removal; but impose an 
negative effect on Hg(II) detection by the CS/CA-TPPS membrane. In the batch 
adsorption experiments, the membrane was found to be able to adsorb both Hg(II) and 
HA. When the adsorption was in sequential order, previously adsorbed HA may 
improve the removal of Hg(II) by providing more adsorption sites, however, the 
detection sensitivity towards Hg(II) in terms of developed color change was reduced. 
When Hg(II) and HA co-existed in the same solution, both HA and Hg(II) removal by 
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adsorption was decreased due to the formation of less-adsorbable HA-Hg(II) 
complexes. In the filtration study, the removal rate of Hg(II) was found to be 
significantly increased by either the pre-loaded HA on the membrane surface or the 
co-existing HA in the solutions. Similar to that in the adsorption study, when the 
HA/Hg ratio was increased, the detection of Hg(II) by the membrane became less 
sensitive. Based on our experimental results, there is a great potential for the practical 
application of CS/CA-TPPS membrane for Hg(II) removal and visual detection in 
water treatment process if the interfering HA concentrations are relatively low; 
otherwise, suitable pre-treatment processes are suggested to reduce HA/Hg(II) ratio in 









CHAPTER 6 A VERSATILE METHOD FOR THE IMMOBILIZATION OF 






The immobilization of optical indicators onto the base membrane is a key factor to 
develop high performance multifunctional membrane for visual detection and 
adsorptive removal of heavy metal ions. In the previous chapters, indicators for lead 
(DZ) and mercury (TPPS) has been successfully immobilized onto CS/CA membrane 
through simple solution reactions. However, some indicators may not have intrinsic 
affinity towards the base membrane, thus cannot be directly immobilized onto the 
membrane via adsorption. In this study, a versatile post-grafting method - surface-
initiated atom transfer radical polymerization (ATRP) is introduced to solve this issue. 
ATRP is a fixable approach that can adjust the membrane surface property according 
to the requirements, thus facilitate and consolidate the immobilization of various 
optical indicators. Besides, the results in this study also indicated that the ATRP 
method could also improve the adsorption capacity by providing more functional 




Due to the surface properties of the base membranes, some indicators cannot be 
directly immobilized onto the membrane through adsorption-based simple reaction; 
therefore, advanced methods are required to facilitate the immobilization. Surface 
grafting is one of the most commonly used methods to achieve the purpose (Coronado 
et al. 2005; Liu and Lu 2004). El-Safty et al. has reported several grafting strategies 
by using hard or soft modifier coupling agents (El-Safty et al. 2007a; El-Safty et al. 
2007b). However, there are some challenges in the above grafting techniques 
including the sophisticated immobilization procedures, the potential leaching of 
indicators, and the retention of the specific activity of the indicators, as well as the 
decrease of the intrinsic mobility of the immobilized indicators, all of which can 
obstruct the generation and transducing of the optical signals in response to the metal 
binding events. 
 
In this study, we introduced a versatile method, surface-initiated atom transfer radical 
polymerization (ATRP), to assist the immobilization of optical indicators that do not 
have intrinsic affinities towards CS/CA base membrane. The ATRP method is one of 
the most facile grafting methods, but, it has only been used for membrane surface 
modification in recent years (Balachandra et al. 2003; Husson et al. 2008; Singh et al. 
2005; Sun et al. 2005; Sun et al. 2006). It is a catalyst-activated process where catalyst 
initiates the polymerization by reversible abstraction of halogen atom from the surface, 
and the polymer chains then grow by the monomer addition from the surface (Granel 
et al. 1996; Haddleton et al. 1997; Kato et al. 1995; Xia et al. 1998a; Xia and 
Matyjaszewski 1997; Xia and Matyjaszewski 1999; Xia et al. 1998b). An ATRP 
catalyst normally consists of three parts: a transition metal species, for example CuI, 
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which can expand its coordination sphere and increase its oxidation number; a 
complexing ligand; and a counterion (Y) which can form a ionic or covalent bond 
with the transition metal species. The transition metal complex (CuI-Y/Ligand) is 
responsible for the cleavage of alkyl halogen bond (R-X), which could generate a 
higher oxidation state metal halide complex X-CuII-Y/Ligand (rate constant kact) and 
an organic radical R• (Kamigaito et al. 2001; Matyjaszewski and Xia 2001). The 
organic radical R• can then propagate with monomers (kp) and the reaction will be 
terminated by either coupling or disproportionation (kt), or be reversibly deactivated 
(kdeact) in the equilibrium by X-CuII-Y/Ligand to form a halide-capped dormant 
polymer chain. The proposed mechanism is shown in Fig. 6.1 (Braunecker and 










Fig. 6.1 Mechanism of ATRP. 
Through the ATRP method, a highly accessible, flexible, and finely tuned surface can 
be created for the sequential immobilization of desired indicator molecules. Besides, 
the grafting of polymer brushes on the membrane surface could also provide more 
adsorption sites for heavy metals, which can lead to an improved adsorption 
performance. In this study, the ATRP method was used to modify the CS/CA 
membrane surface properties specifically with negatively charged polymer brushes. A 
cadmium optical indicator, 5,10,15,20-Tetrakis (1-methyl-4-pyridinio) porphyrin tetra 
(p-toluenesulfonate) (TMPyP), which does not have intrinsic affinity towards CS/CA 
membrane, was then successfully immobilized onto the membrane through the 
electrostatic interaction with the grafted polymer brushes. 
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6.2 Materials and methods  
6.2.1 Materials 
The materials for the CS/CA base membrane preparation were obtained as described 
in pervious chapters. Tetrahydrofuran (THF, HPLC grade), triethylamine (TEA), and 
α-bromoisobutyryl bromide (98%) supplied by Sigma-Aldrich were used in the 
introduction of polymerization initiator on the CS/CA membrane surface during the 
ATRP process. Other chemicals used for the surface-initiated ATRP, including 3-
Sulfopropyl methacrylate potassium salt (SMP, to form negatively charged polymer 
brushes), methanol (99%), copper(I) bromide (CuBr, 99%), copper(II) bromide 
(CuBr2, 99%), 2,2′-Bipyridyl (BPY, >99%) and EDTA (disodium salt-
ethylenediaminetetraacetic acid, 0.1M) were from Sigma-Aldrich. The optical 
indicator, 5,10,15,20-Tetrakis(1-methyl-4-pyridinio) porphyrin tetra (p-
toluenesulfonate) (TMPyP, ≥95%) was also supplied by Sigma-Aldrich. Cd(NO3)2 
standard solution (1000 mg/L) from Merck was used in the adsorption study. 
Ultrapure water was used to prepare all test solutions as needed. 
 
6.2.2 Preparation of CS/CA blend base membrane 
The general method for the preparation of CS/CA blend base membrane was the same 
as described in previous chapters. Since a 2% NaOH solution was used to coagulate 
the membrane in the preparation process, the cellulose acetate molecules on the 
membrane surface were converted to cellulose, which made the membrane insoluble 




6.2.3 Grafting of polymer brushes on CS/CA base membrane for indicator 
immobilization  
To achieve satisfactory immobilization of the indicator molecules, surface initiated 
ATRP method was used to graft negatively charged polymer brushes onto the 
membrane surface. The advantage of the ATRP process lies in its controllability for 
the polymerization degree or extent (Patten and Matyjaszewski 1998). Before the 
ATRP process, α-bromoisobutyryl bromide was first introduced onto the CS/CA 
membrane as the polymerization initiator. This was done through the following 
processes in this work. A 100mL three-neck flask containing 50mL THF was purged 
with nitrogen gas for 30min. A 2g of the dry CS/CA membrane was then added into 
the flask, followed by the addition of 1mL dehydrated TEA. The contents in the flask 
were gently stirred under nitrogen gas for another 30min to eliminate any oxygen that 
may exist in the flask. After that, 2mL of α-bromoisobutyryl bromide was added into 
the solution and the reaction in the flask was allowed to proceed for 24h at room 
temperature (22-23℃) under the protection of nitrogen gas in the headspace. Finally, 
the CS/CA membrane with the introduced initiators was rinsed with THF, methanol 
and DI water in sequence and then dried and stored in a vacuum desiccator for further 
use. 
 
The grafting of the negatively charged polymer brushes from SMP on the surface 
initiated CS/CA membrane was realized through the ATRP method. The process was 
demonstrated as the followings. Amount of 1g surface initiated CS/CA membrane 
was added into a 100mL three-neck flask containing 10mL DI water and 40mL 
methanol. The contents in the flask were sealed by glass stoppers and purged with 
nitrogen gas for 1h to remove any possible oxygen in the flask. Then, 1g SMP was 
 116 
added into the flask. After the SMP monomer was completely dissolved in the 
solution, 321.4mg (2.05mM) 2’2-bipyridyl (BPY), 55.8mg (0.25mM) CuBr2 were 
added into the system in sequence. The contents in the flask were gently stirred under 
nitrogen gas again for another 30min to eliminate any remaining oxygen that may 
exist in the flask. Then, 144mg CuBr (1mM) was added into the flask and the reaction 
was allowed to proceed for a desired reaction time (the reaction time was fixed at 3h 
and no variation in the polymerization degree was examined in this study) at room 
temperature for the SMP polymer brushes to grow. Finally, the membrane was 
removed from the reaction mixture and washed thoroughly with 0.1M EDTA first, 
followed by excess DI water. The membrane from this process, denoted as CS/CA-
SMP in this study, was dried and then stored in a vacuum desiccator for further use.  
 
6.2.4 Coupling of cadmium indicator (TMPyP) onto CS/CA-SMP membrane  
The coupling of TMPyP on the CS/CA-SMP membrane was achieved by adding the 
membrane into 100mL TMPyP solution with a concentration at around 7mg/L. The 
mixture was shaken in an orbit shaker at 150rpm under room temperature for 8h. The 
final product, denoted as CS/CA-SMP-TMPyP membrane, was taken out from the 
TMPyP solution and then washed extensively in a series of 100mL DI water until no 
apparent TMPyP was found in the spent liquid (analyzed by a UV/Vis 
spectrophotometer, Jasco V660, Japan). Finally, the obtained membrane was dried 
and then stored in a vacuum desiccator for further use. In order to compare the affinity 
of TMPyP molecules to CS/CA base membrane and CS/CA-SMP membrane, the 
UV/Vis absorption measurement for TMPyP in the solution before and after 
equilibrated with each type of the membranes were also measured. The amount of 
TMPyP immobilized on the CS/CA-SMP membrane was estimated through mass 
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balance analysis from the measured TMPyP concentrations in the TMPyP solution 
before and after the coupling process as well as in the washing solutions.  
 
6.2.5 Characterization of membranes 
The surface chemical compositions of the membranes were characterized by 
attenuated total reflectance Fourier transform infrared spectroscopy (FTIR/ATR). The 
analysis was done through a Shimadzu H8400 spectrophotometer (Japan) equipped 
with an ATR cell (KRS-5 crystal, 45˚) in the wave number range of 600-4000cm-1.  
 
The surface morphologies of the various membranes were observed with a Scanning 
Electron Microscope (SEM, JSM-5600LV). Samples were platinum-coated with a 
vacuum electric sputter coater (JEOL JFC-1300) before the SEM scans and the 
analysis was done by following the standard operation procedures (Li and Bai 2005). 
Pure water flux (PWF) measurements for each type of the membranes were carried 
out with a dead-end filtration system as described in previous chapters. The 
assessments on color changes of the membrane samples with adsorbed cadmium 
species were made by taking photos with a digital camera (Canon Digital IXUS 
1101S) as well as by obtaining UV/Vis light absorbance spectra with a UV/Vis 
spectrophotometer (Jasco V660, Japan).  
 
6.2.6 Experiments for examining chromatic response of the membranes in 
detecting cadmium ions in solutions  
First, the response time of the prepared membranes in their color change at different 
contact times was monitored. Samples of a specific type of membrane with a weight 
of about 0.06g were added respectively into a number of cadmium solutions (initial 
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concentration 50mg/L, solution volume 20mL, initial pH value 8, 22-23℃) with 
continuous shaking on a shaker at 150rpm. The membrane samples at various contact 
times with the cadmium solutions were taken out for the color assessments.  
 
The tests were then done for cadmium solutions with different initial pH values. 
Cadmium solutions with an initial concentration of 50mg/L were prepared by diluting 
the 1000mg/L standard cadmium solution with ultrapure water and then adjusted to 
different initial pH values in the range of 4 to 10 with dilute HCl or NaOH solutions. 
Membrane samples with a weight of around 0.06g were added into each of a number 
of 50mL flasks containing 20mL of a cadmium solution (50mg/L) with different 
initial pH values. The contents in the flasks were shaken in an orbital shaker at 
150rpm and room temperature for 20min. The membranes were then taken out from 
the flasks, rinsed with DI water and used for the color assessments as mentioned early. 
 
Finally, the chromatic response of the prepared membranes to cadmium solutions with 
different concentrations was also investigated. The experiments were similarly 
conducted as above but at a different initial cadmium concentration ranging from 0 to 
120mg/L (initial pH value 8, 22-23℃, contact time: 20min). 
 
6.2.7 Cadmium adsorption performance experiments 
Adsorption kinetic study was carried out to characterize the uptake rates of cadmium 
ions on the prepared membranes and also the time for the membranes to approach 
adsorption equilibrium. The experiments were conducted by adding about 1.2g 
membrane in small pieces (each around 0.95cm2) to 400mL of a cadmium solution 
with the initial concentration at 50mg/L and initial pH at 8 in a 500mL flask under 
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room temperature. The mixture in the flask was shaken in an orbital shaker at 150rpm 
for a period of up to 10h. 10mL solution was taken at each desired time interval, 
filtered through a 0.45µm Waterman membrane filter and then the filtrate was 
analyzed with an Inductively Coupled Plasma-Optical Emission Spectrometer (ICP-
OES, Perkin Elmer Optima 3000DV) for the cadmium concentration in the solution. 
The pH of the solution was not controlled during the adsorption process in order not 
to introduce any additional ions (the final pH was found to slightly drop from 8 to 
7.94). The adsorbed amount of cadmium on the membrane at time ti, q(ti) (mg/g), was 
calculated from the mass balance equation (Eq. 3.1). 
 
Adsorption isotherm study was conducted to illustrate the adsorbed cadmium amount 
versus the metal concentrations in the solutions at adsorption equilibrium. The 
experiments were conducted by adding about 0.06g membrane in small pieces to each 
of a number of 50mL flasks containing 20mL of cadmium solution with different 
initial concentrations (in the range of 1-260mg/L) at initial pH value 8. The contents 
in the flasks were shaken in an orbital shaker at 150rpm and under room temperature 
for a contact time of up to 300min (well above the adsorption equilibrium time of 
about 200min). Cadmium ion concentrations in the initial and final solutions were 
analyzed using the ICP-OES instrument. Before the analysis, each sample was filtered 
through a 0.45µm Waterman membrane filter to remove any possible suspended 
particles in the sample. As predicted by the MINEQL+ software analysis, no 
cadmium precipitation would occur under the experimental conditions (Schecher and 
McAvoy 2003). The adsorbed amount at adsorption equilibrium, qe(mg/g), was 
calculated by the equation Eq. 3.2. 
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6.2.8 Experiments on interference study 
The interference of other metal ions in the solution on the response and uptake of 
cadmium to the prepared functional membrane was examined. The experiments were 
conducted by equilibrating the membrane samples with solutions containing a fixed 
concentration of cadmium ions (10-4M) at initial pH value 8 under room temperature 
with the presence of different amounts of interfering metal ions. The interfering metal 
ions used in the experiments included K+, Na+, Ca2+, Mg2+, Co2+ and Ni2+ ions. 
 
6.3. Results and discussion  
6.3.1 Functionalization of membrane surface for cadmium ions 
TMPyP has been studied as an optical indicator for cadmium ions due to its unique 
chromatic response to the presence of cadmium ions in solutions. It has been desirable 
to immobilize TMPyP as a probe onto a solid matrix for sensor applications (Balaji et 
al. 2006). As the CS/CA base membrane does not have the affinity to the TMPyP 
probes, negatively charged polymer brushes were first grafted onto the CS/CA base 
membrane surfaces in this study through a surface initiated ATRP method, which 
provided an effective way to immobilize TMPyP probes onto the CS/CA base 
membrane through strong electrostatic interactions. The pathway of immobilizing 
TMPyP probes onto the CS/CA base membrane for cadmium detection and removal 
in this work is outlined in Fig. 6.2.  
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Fig. 6.2 Schematic representation of the processes to obtain the multifunctional 
membrane. (a) Immobilization of the surface initiator and the polymerization of 
negatively charged monomer (SMP) on CS/CA base membrane surface; (b) coupling 
of TMPyP molecules to obtain CS/CA-SMP-TMPyP; (c) interaction between 
cadmium ions and CS/CA-SMP-TMPyP membrane. 
 
 
In order to graft the negatively charged polymer brushes, the initiator of α-
bromoisobutyryl bromide was introduced to the CS/CA membrane surface through the 
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reaction with both the hydroxyl and amine groups (Kang et al. 2009; Li et al. 2005). 
Tetrahydrofuran (THF) was used as the solvent for the reaction and organic alkali 
triethylamine (TEA) was added as the catalyst. Then, the polymerization of SMP on 
to the membrane surface from the ATRP process was carried out in a water/methanol 
solution. 2,2’-bipyridyl was selected in this study as an effective ligands for copper-
based ATRP in forming a complex with Cu(I) halides powerfully. A certain amount of 
CuBr2 was also applied as the deactivating species to control the reaction (Patten and 
Matyjaszewski 1998). After a desired polymerization time, the ATRP process was 
stopped and the membrane surface with polymer brushes containing -SO3- groups was 
obtained (denoted as CS/CA-SMP). The introduction of the initiator and the growth of 
polymer brushes in the ATRP process are illustrated in Fig. 6.2(a). 
 
When the prepared membrane was added into the TMPyP solution, the TMPyP 
indicator molecules were immobilized onto the CS/CA-SMP membrane through 
strong ion-pair electrostatic interaction between the TMPyP molecules and -SO3- 
groups on the membrane surfaces [Fig. 6.2(b)]. The finally obtained membrane is 
denoted as CS/CA-SMP-TMPyP in this paper. The interaction between cadmium ions 
and the obtained CS/CA-SMP-TMPyP membrane is shown in. Fig. 6.2(c).  
 
Fig. 6.3 shows the FTIR/ATR spectra of the TMPyP powder, CS/CA base membrane, 
CS/CA membrane with surface initiator, CS/CA-SMP membrane, and CS/CA-SMP-
TMPyP. For the spectrum of TMPyP powder [see Fig. 6.3(a)], the broad absorption 
band centered at 3468 cm-1 is the characteristic stretching vibration of the N-H groups 
and the sharp peak at around 1640cm-1 can be attributed to the N-H bending vibration 
in the TMPyP structure. For the spectrum of CS/CA base membrane [see Fig. 6.3(b)], 
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the peaks at around 889 and 1153cm-1 typically represent the saccharide structure 
while the peak at around 1643cm-1 is attributed to the N-H bending vibrations in 
chitosan (Nalva 1997). The broad absorption band centered at 3336cm-1 is the 
characteristic stretching vibration of the O-H and N-H groups in chitosan. After the 
surface initiation, new peaks at 1730cm-1 and 1525 cm-1 appeared respectively for the 
membrane surface [see Fig. 6.3(c)]. The peak at 1525 cm-1 may be assigned to the 
amide (II) deformation vibration, suggesting that the immobilization of the initiator on 
the CS/CA base membrane was also through the reaction with the amine groups in 
chitosan and formed the amide groups (Li and Bai 2006; Nalva 1997), as indicated in 
Fig. 6.2(a). Meanwhile, the peak at 1730cm-1 is usually representative of the -C=O- 
groups which were generated due to the reaction between the initiator and the -OH or 
-NH2 on the CS/CA base membrane; as also shown in Fig. 6.2(a). After the ATRP 
polymerization process [see Fig. 6.3(d)], new peaks at 1199cm-1 and 794cm-1 are 
observed. These peaks are attributed to the stretching vibrations of S=O and S-O in 
the sulfonate groups of SMP. Besides, increased absorbance at around 1730cm-1 for 
the -C=O- was also observed in the spectrum. These results confirm the successful 
polymerization of SMP on the membrane surface to obtain CS/CA-SMP. There are no 
significant changes in the absorption bands after the immobilization of TMPyP on 
CS/CA-SMP [see Fig. 6.3(e)]. This may be due to the overlaps of the features of 
TMPyP with those of CS/CA-SMP. In summary, the FTIR spectra in Fig. 6.3 support 
the reaction steps given in Fig. 6.2(a).  
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Fig. 6.3 FTIR spectra of (a) TMPyP powder; (b) CS/CA base membrane; (c) surface 
initiated CS/CA membrane; (d) CS/CA-SMP membrane; (e) CS/CA-SMP-TMPyP 
membrane.  
 
Fig. 6.4 shows the UV/Vis absorption spectra of TMPyP solution before and after 
equilibrium with CS/CA and CS/CA-SMP membranes. The absorbance intensity at 
420nm wavelength is positively proportional to the TMPyP concentration in the 
solution (Takagi et al. 2006). It is found that the absorbance intensity of TMPyP 
solution at 420nm remarkably decreased after the equilibrium with CS/CA-SMP 
membrane while little decrease was observed in the case of CS/CA base membrane. 
The results indicate that, by grafting negatively charged polymer brushes, the surface 
affinity of the membrane towards TMPyP molecules was greatly improved. From the 
mass balance analysis, it was found that the amount of TMPyP immobilized on the 
CS/CA-SMP membrane was about 0.12 mg/g, as compared to 0.006 mg/g on the 
CS/CA base membrane. 
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 (a) Initial TMPyP
 (b) Final TMPyP with CS/CA base membrane
 (c) Final TMPyP with CS/CA-SMP membrane
 
Fig. 6.4 UV/Vis spectra of (a) initial TMPyP solution; and final TMPyP solution after 
adsorption equilibration with (b) CS/CA base membrane; and (c) CS/CA-SMP 
membrane 
 
6.3.2 Morphology and permeability of prepared membranes 
Surface images of the different types of membranes prepared in the process were 
obtained by Scanning Electron Microscope (SEM); as shown in Fig. 6.5. It can be 
found that the prepared membranes were highly porous and the surface initiation and 
the grafting polymerization of SMP indeed reduced the pore sizes of the membranes 
from CS/CA to CS/CA-SMP. However, as indicated by the SEM images, the 
introduction of TMPyP molecules onto CS/CA-SMP did not seem to affect the 
membrane surface morphology and structure significantly. The result can be 
supported by the permeability experiments with pure water. Table 6.1 shows the 
measured pure water fluxes of the different types of membranes. The average water 
flux of CS/CA membrane under 1 bar was reduced from 15.21 L/m2·hr to 8.51 L/m·hr 
for CS/CA-SMP membrane but only slightly changed to 7.72 L/m2·hr after the 
immobilization of TMPyP molecules. Nevertheless, the flux of 7.72L/m2·hr under 1 
bar can be considered to be reasonably good for an adsorptive membrane.  
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    (a)                                                           (b) 
                         
   (c)                                                            (d)  
 
Fig. 6.5 SEM image of (a) CS/CA base membrane; (b) surface initiated CS/CA 
membrane; (c) CS/CA-SMP membrane; (d) CS/CA-SMP-TMPyP membrane. 
 
 
Table 6.1 Pure water fluxes (PWF) of CS/CA, CA/CA-SMP and CS/CA-SMP-TMPyP 










6.3.3 Response time of CS/CA-SMP-TMPyP membrane to cadmium detection 
Fig. 6.6(a) shows the color changes of CS/CA-SMP-TMPyP responding to the times 
of the membrane in contact with the cadmium solution (50mg/L, initial pH value 8, 
22-23℃). The results indicate that the CS/CA-SMP-TMPyP membrane showed a 
quick response in color change that can be observed with the naked eyes within 2min 
when the membrane was in contact with cadmium ions in the solution. The color 
change also intensified with the increase of the contact time, probably due to the 
increase in the adsorbed amount of cadmium. The UV/Vis spectra of the membrane 
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corresponding to different contact times were also obtained (Fig. 6.7). The UV/Vis 
spectrum of the CS/CA-SMP-TMPyP membrane initially shows five absorption bands 
in the visible region: the Soret band at around 420nm and four Q-bands from 500 to 
700nm (Takagi et al. 2006). With the increase of contact time, the Soret band was 
found to undergo a gradually bathochromic shift from 420nm to 445nm. In addition, 
hyperchromic effect at 580nm and hypsochromic effect at 520nm also took place with 
the increase of the contact time; and finally, at 60min only two Q-bands could be 
observed. These specific spectral changes indicate a molecule symmetry change of 
TMPyP from D2h (orthorhombic-bipyramidal) to D4h (ditetragonal-dipyramidal) due 
to the metallation of core nitrogen atoms (Takagi et al. 2006; Vandamme et al. 1978). 
These changes in the absorption bands suggests an overall color change from yellow 
to green, which is consistent with those observed from the photos in Fig. 6.6(a). The 
phenomenon could be explained by the ligand-to-metal charge-transfer (LMCT) 
transition between TMPyP molecules and cadmium ions (Tarr and Miessler 1991). 
The excitation energy in forming TMPyP-Cd complex occurred in the visible region 
of the UV/Vis spectrum, which led to changes in the optical absorption bands, and, 
accordingly, the color change of the CS/CA-SMP-TMPyP membrane was observed 
(Kalyanasundaram 1992; Vogler and Kunkely 2000). This rapid and sensitive 
response of the prepared membrane to cadmium ions under naked-eyes without using 
other sophisticated instrument shows a great potential advantage in practical and on-
site application of the prepared membrane in water and wastewater treatment.  
 
6.3.4 Effect of initial solution pH on cadmium detection by the prepared 
membrane 
The results of the influence of initial solution pH on the detection of cadmium ions 
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with CS/CA-SMP-TMPyP membrane (solution contained 50mg/L cadmium, 
membrane contact time was 20min) are shown in Fig. 6.6(b). As seen in Fig. 6.6(b), 
the CS/CA-SMP-TMPyP membrane exhibited obvious chromatic changes when the 
initial solution pH was from 5.6 to higher values. Correspondingly, a sharp increase in 
the light absorption at 445nm wavelength was observed for initial solution pH from 
5.6 to 8; see Fig. 6.8(a). The greater color change at a higher pH value may be 
attributed to more surface complexes formed between the cadmium ions and the 
TMPyP molecules, which induced the increase of the color intensity. The binding of 
the nitrogen-containing TMPyP to cadmium ions may be enhanced in alkaline 
solutions, but reduced at lower pH values, because of the protonation and de-
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Fig. 6.7 UV/Vis spectra
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(a)                                                             (b) 
Fig. 6.8 Difference in the absorbance intensity at 445nm for CS/CA-SMP-TMPyP 
membrane in response to cadmium solution with (a) different initial pH values; (b) 
different initial concentrations. The A0 and A are the absorption signal responses of 
the CS/CA-SMP-TMPyP membranes at 445nm before and after equilibrating with 
Cd(II) ions. 
 
6.3.5 Response of CS/CA-SMP-TMPyP membrane in detecting cadmium ions 
with different concentrations 
The response of the prepared membrane to cadmium ions over a concentration range 
from 0 to 120mg/L was examined, with the results shown in Fig. 6.6(c). As expected, 
color change of the membrane was clearly observed for all the initial cadmium 
concentrations tested and the change in color intensity increased with the increase of 
the initial cadmium concentration in the solutions. Since the changes in the Soret 
bands at 445nm could indicate the extent of cadmium chelation with TMPyP 
molecules (Takagi et al. 2006), the differences in the absorption intensity at 445nm 
were recorded for the prepared membrane at various initial cadmium concentrations 
(see Fig. 6.8(b)). The results show that the membrane absorption intensity at 445nm 
increased sharply with the increase of the initial cadmium concentration from 0 to 
10mg/L. Further increase in the initial cadmium concentration from 10 to 120mg/L 
only gradually and moderately increased the absorption intensity, which is consistent 
with the developed color change pattern of the CS/CA-SMP-TMPyP membrane 
shown in Fig. 6.6(c), where obvious color change from yellow to light green was 
observed first and then followed by color intensification from light green to green. 
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The results suggest that the formation of charge-transfer complexes between Cd(II) 
ions and the TMPyP probes was enhanced by increasing cadmium ion concentration 
in the solution but the effect eventually stabilized as the formed complexes 
approached the saturated state. 
 
6.3.6 Adsorption performance 
Adsorption kinetic results are useful to predict the uptake rates as well as to possibly 
suggest the nature of adsorption. The experimental adsorption kinetic results were 
obtained for the CS/CA base membrane and the prepared CS/CA-SMP-TMPyP 
membrane (at initial cadmium concentration of 50mg/L, initial pH8, 22-23℃); as 
shown in Fig. 6.9. It can be found that the prepared CS/CA-SMP-TMPyP membrane 
had a significantly higher adsorption uptake amount and a shorter equilibrium time 
than the CS/CA base membrane. The results indicate that the approach to obtain the 
cadmium sensor membrane of CS/CA-SMP-TMPyP from the CS/CA base membrane 
also significantly enhanced the adsorption performance of the prepared sensor 
membrane. The enhanced adsorption performance of CS/CA-SMP-TMPyP may be 
attributed to the much more functional groups (-NH2, -NH-, -SO3-) on it than those on 
the CS/CA base membrane.  

























Fig. 6.9 Kinetic adsorption results of cadmium ions on CS/CA and CS/CA-SMP-
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TMPyP membrane (C0=50mg/L, initial pH value 8, 22-23℃). Error bars are 
determined from three repeated tests, with errors<5%. 
 
The pseudo first-order and pseudo second-order adsorption kinetic models have often 
been used to characterize the adsorption process and reveal whether the overall 
adsorption process is dominated by a typical physical or chemical attachment 
phenomenon (Tien 1994). The pseudo first-order (Eq. 6.1) and pseudo second-order 












+=                                       Eq. 5.1 
where qe (mg/g) is the adsorption uptake amount at adsorption equilibrium, qt (mg/g) 
is the amount of adsorption uptake at adsorption time t, k1 (min-1) and k2 (g/mg·min) 
are the rate constants of the pseudo-first-order and pseudo-second-order adsorption 
kinetic models, respectively. An analysis for the experimental adsorption kinetic data 
in Fig. 6.9 with Eq. 6.1 and Eq. 5.1 was carried out. As shown in Fig. 6.10, cadmium 
adsorption on both the CS/CA base membrane and the prepared CS/CA-SMP-TMPyP 
membranes in this study meets the pseudo second order model with the R2>0.99. The 
experimental adsorption capacity for CS/CA base membrane and functionalized 
membrane are 5.01mg/g and 11.11mg/g; while the theoretical adsorption capacity 
based on Eq. 5.1 are 5.13mg/g and 11.09mg/g. The results therefore suggest that 
chemical interaction between the cadmium ions to be adsorbed in the solution and the 
functional groups on the membrane surfaces dominated the overall adsorption rate. It 
is found that the pseudo second-order rate constant k2 has a much higher value of 
0.0268g/mg·min for the CS/CA-SMP-TMPyP membrane than 0.0045g/mg·min for 
the CS/CA base membrane, suggesting that cadmium adsorption on CS/CA-SMP-
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TMPyP was much faster than on CS/CA. In general, adsorption process dominated by 
chemical interaction is faster than physical interaction and hence is preferred for 
achieving quick adsorption and detection as an objective of this study.  
 
























Fig. 6.10 Fitting of pseudo second-order kinetic adsorption model to experimental 
results of cadmium ion adsorption on CS/CA base membrane and on CS/CA-SMP-
TMPyP membrane  
 
Adsorption isotherm models have commonly been used to reveal the adsorption 
uptake capacity and the adsorption pattern of an adsorbate on an adsorbent. The fitting 
of the Langmuir and Freundlich models to the adsorption data of cadmium ions on 
CS/CA and CS/CA-SMP-TMPyP was carried out according to the equations 
described in Chapter 3. The results are shown in Fig. 6.11, and the corresponding 
fitting parameters for both Langmuir and Freundlich isotherm models from the 
analysis are given in Table 6.2. The results show that both Langmuir and Frendlich 
models can be used to fit the data and estimate the model parameters of CS/CA and 
CS/CA-SMP-TMPyP membrane. The adsorption heterogeneity reflected by the value 
of the parameter n for CS/CA-SMP-TMPyP (2.046) is also greater than that for 
CS/CA (1.777). This may be understandable because polymer brushes and different 
types of functional groups (-SO3-, -NH2, -NH-) were grafted or immobilized on the 
CS/CA-SMP-TMPyP membrane. From the Langmuir model fitting, the maximum 
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adsorption capacity of cadmium ions on CS/CA-SMP-TMPyP is predicted to be about 
44mg/g, much higher than about 18mg/g for CS/CA in this case; besides, the KL value 
for the functionalized membrane is found to be smaller than that of CS/CA which 
means a higher affinity of cadmium ions to CS/CA-SMP-TMPyP membrane. In other 
words, the functionalization of CS/CA for cadmium ion visual detection also 
significantly increased the adsorption capacity of the membrane for adsorptive 
removal of cadmium ions by the prepared membrane.  
 




















 Experimetnal data for CS/CA
 Experimental data for CS/CA-SMP-TMPyP
 Langmuir model fitting 
 Frendlich model fitting 
 
Fig. 6.11 Experimental adsorption isotherm data and the fitted results of the Langmuir 
and Freundlich isotherm models to the experimental data. Error bars are determined 
from three repeated tests, with errors<5%. (initial pH value 8, 22-23℃). 
 
 
Table 6.2 The fitting parameters of the Langmuir and Freundlich isotherm models to 
the adsorption data of Cd(II) on the membranes of CS/CA, CS/CA-SMP-TMPyP 
(initial pH value 8, 22-23℃). 
 
Membranes                            Langmuir model                                Freundlich model 
                                      qm(mg/g)     KL(L/mg)     R2                n     KF(mg/g)(L/mg)1/n   R2 
CS/CA                            17.8808     97.3237     0.9951            1.7771       0.641       0.9877 
CS/CA-SMP-TMPyP     43.7793     49.3835     0.9834            2.064        3.0082      0.9985 
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6.3.7 Interference of coexisting ions 
Experiments were carried out to study the interference by coexisting cations. 
Solutions (each 50mL) containing 10-4M (11.2mg/L) of Cd(II) ions with different 
amounts of other cations were used. The tested cations included Na+, K+, Ca2+, Mg2+, 
Co2+ and Ni2+ as the interfering cations (others such as Zn2+, Pb2+, Cu2+ and Hg2+ were 
not considered in this study because they do not normally exist with cadmium ions at 
the pH examined). According to the results, Na+, K+, Ca2+, Mg2+ ions had no 
significant effect on the color response of the prepared membrane in detecting 
cadmium ions even when the molar concentrations of the interfering cations were 10 
times higher than that of the cadmium ions. This is supported by the adsorption 
uptake study. As given in Table 6.3, the addition of Na+, K+, Ca2+ and Mg2+ ions had 
no significant effect on the cadmium uptake amount on the membrane. This is due to 
the fact that the functional group, particularly, amino groups on the membrane are soft 
base, which would not interact with alkali or alkaline earth metal ions that are 
classified as strong acids (Yan et al. 2010). However, for the samples containing 
transition metal Co2+ or Ni2+ ions as the interfering ions, chromatic influence for the 
membrane in the detection of cadmium ions was noticed and decreased cadmium 
adsorption amount was observed. This may be attributed to the transition metals such 
as Co2+ and Ni2+ that would also have affinity towards the amino groups on CS/CA-
SMP-TMPyP membrane, hence affecting both the color change response and the 
adsorption behavior of cadmium ions. In the literature, it has been reported that both 
TMPyP and chitosan have certain adsorption selectivity towards Cd(II) ions over Co2+ 
or Ni2+ ions (El-Safty et al. 2007b; Rinaudo 2006). Nevertheless, from the 
experimental results given in Table 6.3, the interferences of Co2+ or Ni2+ ions on the 
detection and adsorption of Cd(II) ions by CS/CA-SMP-TMPyP membrane are not 
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very significant.  
 



















































In this study, a cadmium optical indicator TMPyP was successfully immobilized onto 
CS/CA blend base membrane. The preparation strategy involved the grafting of 
negatively charged polymer brushes of SMP onto CS/CA base membrane through an 
ATRP method and subsequently immobilizing TMPyP molecules onto the membrane 
surface through electrical interaction with the grafted SMP brushes. The preparation 
process was proved to be successful and the resulted CS/CA-SMP-TMPyP membrane 
exhibited rapid and obvious colorimetric change when in contact with cadmium ions 
in solutions. The obtained membrane also showed enhanced adsorption performance 
for cadmium ions due to the increased adsorption sites introduced by the grafted 
polymer brushes. Therefore, the ATRP method is proved to be effective and versatile 















In this study, multifunctional membranes that combined the functions of adsorption 
and visual detection of heavy metal ions in aqueous solutions with a porous filtration 
membrane were achieved. The performance of the obtained membranes on the target 
heavy metal ions were investigated with a focus on the sensitivity, adsorption capacity 
and removal rate in both batch adsorption and filtration processes.  
 
In the first part of the study, the proposed “multifunctional membrane” concept was 
tested by immobilizing lead optical indicator DZ onto the CS/CA base membrane. 
The obtained CS/CA-DZ membrane fulfilled the objective for simultaneous detection 
and removal of lead ions. The adsorption performance of CS/CA-DZ for lead ions 
was improved in terms of faster adsorption kinetics and higher lead uptake amount, in 
comparison with that of the CS/CA base membrane. The study demonstrated the 
feasibility of a multifunctional membrane in its easy on-site naked-eye detection and 
adsorptive removal of heavy metal ions from aqueous solutions, suggesting a potential 
application in water and wastewater treatment process. 
 
The multifunctional membrane concept was then extended to mercury ions. Since the 
detection and removal performance of the multifunctional membrane towards heavy 
metal ions could be affected by some process factors such as the contact-time, amount 
of immobilized indicators, solution pH, solution ionic strength and the interference of 
other metal ions, the investigation on how those process factors would affect the 
membrane performance in terms of developed color for Hg(II) detection and the 
uptake capacity for Hg(II) removal was conducted. An optical indicator, TPPS, for 
Hg(II) was immobilized onto the CS/CA membrane and the performance of 
 140 
developed multifunctional membrane, CS/CA-TPPS, was evaluated. The results 
showed that the obtained membrane can be applied in solutions with initial pH 
ranging from 5 to 8 without leaching of the indicators. The TPPS loading rate of 
1.0mg(TPPS)/g(CS/CA membrane) provided a balanced performance of both good 
detection sensitivity and adsorption removal for Hg(II). No significant influence on 
Hg(II) detection and removal was found with the solution ionic strength below 0.05M 
(NaNO3). Besides, the membrane exhibited selectivity towards mercury ions in the 
presence of other non-heavy metal ions, even at high concentrations. The CS/CA-
TPPS membrane was also tested in a filtration process with various real water 
samples spiked with mercury ions. In general, the prepared CS/CA-TPPS 
multifunctional membrane showed excellent stability and reliability in mercury 
detection and removal, which indicates a great prospect for on-site and in situ mercury 
discharge monitoring and remediation. 
 
To recognize the possible effect of the presence of organic pollutants in water and 
wastewater, the influence of natural organic matters, particularly humic acid (HA), in 
water was investigated because of their potential reactions with heavy metal ions, the 
indicators and the base membranes. The influence of HA on the detection sensitivity 
and removal efficiency of the CS/CA-TPPS membrane to Hg(II) was further 
examined under batch adsorption and filtration conditions in three different phases. 
The results showed that the removal of Hg(II) was greatly improved by the pre-
adsorbed or filtered HA, but the sensitivity of visual detection towards Hg(II) was 
reduced, showing as delayed response time and diminished degree of color change. 
The adsorptive removal of Hg(II) ions by the membrane was depressed when HA co-
existed with Hg(II) in the solutions, which could be explained by the formation of 
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less-adsorbable HA-Hg(II) complexes. Nevertheless, mercury could be removed 
during the filtration through the interception of the HA-Hg(II) complex. The 
experimental results demonstrated prospect for the practical application of the 
CS/CA-TPPS membrane for Hg(II) removal and visual detection in water resources 
where HA concentration is relatively low. For the waters containing high HA/Hg ratio, 
pretreatment may be needed to remove HA if the visual detection of Hg(II) ions has a 
priority.  
 
Immobilization of desired optical indicators on the base membrane is a crucial step to 
obtain multifunctional membranes with high performance. In the last part of the study, 
an advanced and versatile method - atom transfer radical polymerization (ATRP) was 
introduced to facilitate the immobilization of optical indicators which do not have 
intrinsic affinities to the base membrane. The ATRP method could adjust the 
membrane surface properties by grafting of functional polymers that can react with 
the optical indicators, and thus the immobilization of optical indicators on the 
membrane can be realized. A cadmium indicator, 5,10,15,20-Tetrakis (1-methyl-4-
pyridinio) porphyrin tetra (p-toluenesulfonate) (TMPyP), was immobilized onto the 
CS/CA base membrane through the ATRP method that introduced negatively charge 
polymer brushes on the membrane surface. The method was proved to be successful 
and the prepared membrane showed rapid and obvious colorimetric change when it 
was in contact with cadmium ions in solutions. Moreover, the grafted polymer chains 
also provide more adsorption sites, leading to an enhanced Cd(II) adsorption. Thus, 
the ATRP method can be applied as a facile and versatile technique to develop 
multifunctional membranes with desired properties.  
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7.2 Recommendations and future work 
The concept of multifunctional membrane has led to a promising technology that 
combines water and wastewater treatment performance with on-site water safety and 
security monitoring. In this study, research has been done to evaluate the preparation 
method and performance of a few multifunctional membranes for their application to 
some typical heavy metal ions. Although many cheerful results have been obtained, 
much research work still needs to be done in the future. Some recommended aspects 
are listed below: 
(a) For the real applications, the sensitivity of the prepared membrane in heavy 
metal detection should be further improved and the interference from other 
components in the in the water body, including other heavy metal ions and 
organic pollutants, should be minimized. This may be achieved by further 
developing and applying smarter optical indicators with special selectivity and 
sensitivity towards target metal ions. Besides, the preparation methods and 
process conditions should also be optimized to enhance the detection 
performance. On the other hand, efficient regeneration method needs to be 
developed to recycle and reuse the prepared membrane with good stability and 
reliability. Moreover, it is of interest to combine the multifunctional membrane 
with color change recording and alarming system for automatic on-line 
monitoring of the target species.   
 
(b) As the industrial discharge usually contains various heavy metal ions, it is 
desirable to achieve multi-targets detection and removal. Some ligands such as 
4-(2-pyridylazo)-resorcinol (PAR) and its analogues have been reported as 
colorimetric indicators for many metal ions. It could generate color change 
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from yellow to red when complexed with metal ions such as Co2+, Zn2+, Cd2+, 
Ni2+, Hg2+, Pb2+ and Cu2+ in low concentrations (6.25×10-6M) (Liu et al. 2012). 
Therefore, further study could be carried out by immobilizing this indicator on 
to an adsorptive membrane, which may provide the possibility of detecting 
and distinguishing multiple heavy metal ions by monitoring different color 
patterns of the membrane, and removing them individually or together 
efficiently at the same time.  
 
(c) The heavy metal removal efficiency can also be improved by changing the 
base membrane composition and configuration. For example, by using other 
co-solvent or coagulants, the amount of CS in the blend membrane can be 
increased, which would improve the adsorption of heavy metal ions. Besides, 
other functional polymers that have both good mechanical property and 
adsorption capacity can be used as base membrane materials. Moreover, 
instead of flat sheet membrane, the optical indicator can be immobilized onto 
CS/CA hollow fibers. The detection and removal of multi-targets could also be 
achieved by packing hollow fibers with different optical indicators into the 
same module. 
 
(d) Immobilization of optical indicators on the adsorptive membrane is a key to 
design multifunctional membrane with excellent performance. Versatile and 
effective immobilization strategies are demanded to achieve the desired 
functions. For example, the ATRP method presented in Chapter 6 is a surface 
grafting technique by which we could control and adjust the membrane 
surface property to facilitate the immobilization of various optical indicators 
and improve the removal of target metal ions. As the length of the grafted 
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polymer chains can be controlled in the process, it will be an interest study to 
investigate the influence of the polymerization degree on the sensitivity, 
selectivity and adsorption capacity of the developed membranes.  Moreover, it 
is possible to introduce polymers with different functions (e.g., pH sensitive, 
self-cleaning, anti-biofouling) to further expand the concept of 
“multifunction”. Alternative method such as “click chemistry” could also be 
employed and the indicators could be extended to bio-recognition elements 
such as aptamers, antibodies and novel synthetic protein receptors (Kolb et at. 
2004; Jayasena 1999; Rachkov 1994; Sergeyeva et al. 1996; Speers et al. 
2004), which may have a great potential in the on-site detection of bacteria, 
virus and other microbial in the water while accompanying membrane 
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